REMARKS 

Claims 1-8, 12-17, and 21-39 are pending in the application. Claims 21-39 were 
withdrawn from consideration. Examination of the remaining claims, 1-8 and 12-17, is reported 
in the present Office Action. The examined claims were objected to, provisionally rejected under 
the judicially-created Doctrine of Obviousness-Type Double Patenting, and rejected under 35 
U.S.C. § 1 12, first and second paragraphs, and 35 U.S.C. § 102(b) and (e). The objections and 
rejections are addressed below. 

First, in response to the statement in the Office Action that the application is not in 
compliance with the sequence requirements of 37 C.F.R. § 1.821-1.825, applicants note that the 
Brief Description of the Drawings has been amended to include references to the sequence 
identification numbers that correspond to the sequences in Figures 1-3 and 7. This is consistent 
with M.P.E.P. § 2422.03, which states that ". . .when a sequence is presented in a drawing, 
regardless of the format or manner of presentation of that sequence in the drawing, the sequence 
must still be included in the Sequence Listing and the sequence identifier ("SEQ ID NO:X") 
must be used, either in the drawing or in the Brief Description of the Drawings " (emphasis 
added). Thus, based on this amendment, applicants respectfully submit that the application is in 
compliance with the sequence rules. In addition, applicants submit that this amendment 
addresses the objection to the specification based on the lack of sequence identification numbers 
in the Brief Description of the Drawings. 

Applicants also note that the drawings were objected to because the legends (i.e., "Figure 
X") are illegible. In response, applicants enclose herewith formal drawings for this case. 

The Office Action also notes that the priority claim must be added to the specification. 
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As is noted above, the specification has been amended in this manner. 

The Examiner has maintained the previously made Restriction Requirement. Applicants 
respectfully disagree with the maintenance of this Requirement. First, applicants note that the 
Office Action states that the Examiner acknowledges "applicant's election with traverse of 
Group I, claims 1-8 and 12-17 to the extent of methods of treating or preventing by 
administration with a peptide of SEQ ID NO: 15..." Applicants respectfully request clarification 
of this statement. In particular, it appears from this statement that the sequence of SEQ ID 
NO: 15 maybe being read by the Examiner as a limitation of all of the examined claims, not just 
those that include sequence identification numbers. Applicants respectfully submit that claims 
which do not include sequence identifiers should not be so limited, as that is not the way the 
claims were drafted. If applicants have not misunderstood the Examiner's statement concerning 
the applicability of SEQ ID NO: 1 5 to all of the claims, they respectfully request that the 
Examiner provide them with a specific reference to an authority which states that it is acceptable 
for the Office to add limitations to claims in this manner. 

Further regarding the Restriction Requirement, applicants note that the criteria for 
restriction in Markush claims (e.g., claim 8) are discussed in M.P.E.P. § 803.02. The 
requirements set forth in this section for maintaining the members of a Markush group in a single 
application are that the members must "(1) share a common utility, and (2) share a substantial 
structural feature disclosed as being essential to that utility." The members of the Markush 
groups of the present claims clearly meet these criteria. For example, in the case of the claims 
including multiple sequences, the peptide fragments having these sequences are all used as 
vaccine antigens to induce an immune response to P-amyloid, and thus share a common utility. 

13 



In all being immunogenic fragments of amyloid-p peptides, they all share a substantial structural 
feature as well. The possibility that they may have some separate, independent uses is not 
relevant, because the criteria cited above provide that they must share a common utility and a 
substantial structural feature, not all common utilities and all substantial structural features. 

M.P.E.P. § 803.02 also states that "if the members of the Markush group are sufficiently 
few in number or so closely related that a search and examination of the entire claim can be made 
without serious burden, the examiner must examine all the members of the Markush group in the 
claim on the merits, even though they are directed to independent and distinct inventions" 
(emphasis added; also see M.P.E.P. § 803.01). As is discussed above, the members of the 
Markush groups of the present claims including multiple sequences are closely related, in being 
overlapping fragments of a single, short polypeptide. Moreover, the numbers of the members of 
the Markush groups are few. Thus, even if the members of the Markush groups were 
independent and distinct inventions, it would be incumbent upon the Examiner to search the full 
scope of the claims. Further, applicants submit that it is standard in the art to search a relatively 
longer sequence (e.g., a P-amyloid peptide sequence) and to obtain from the search hits that 
include shorter sequences (e.g., the sequences specified in claim 8) that have stretches of 
sequences that are identical to sequences within the larger sequence. Such a search could be 
done in the present case, to search the full scope of, e.g., claim 8, without undue burden. 
Applicants thus respectfully request that the Examiner reconsider the Restriction Requirement. 

The objections and rejections are now addressed. 
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Double Patenting 

Claims 1-8 and 12-17 were provisionally rejected under the judicially-created Doctrine of 
Obviousness-Type Double Patenting over claims 46-56, 58-64, and 66-109 of U.S. Serial No. 
09/724,842. When the only rejection remaining in a case is an obviousness-type double 
patenting rejection, an application should be allowed to issue. M.P.E.P. § 822.01. In view of the 
amendments and remarks made herein, applicants submit that all of the grounds of rejection in 
this case, other than the obviousness-type double patenting rejection, have been met. 
Accordingly, the obviousness-type double patenting rejection should be withdrawn and the case 
allowed to issue. 

Claim Objection 

Claims 1-8 and 12-17 were objected to as reciting improper Markush groups. The 
Examiner supports this rejection by citing a passage from the M.P.E.P., 
§ 803.02, which states "it is improper for the Office to refuse to examine that which applicants 
regard as their invention, unless the subject matter in a claim lacks unity of invention," (citations 
omitted) and that ". . .unity of invention exists where compounds included within a Markush 
group (1) share a common utility and (2) share a substantial structural feature disclosed as being 
essential to that utility." Applicants respectfully request that this objection be withdrawn. 

First, applicants note that the only claims under examination that include Markush groups 
are claims 3-5, 8, 12, 14, and 17, and thus that this objection should not have even been 
considered with respect to the other examined claims (1, 2, 6, 7, 9-11, 13, 15, and 16). 

Second, the elements in the claims that include Markush groups satisfy the criteria noted 
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by the Examiner in this rejection. In particular, claims 3, 8, and 17 each include within their 
Markush groups particular peptides of amyloid fibrils or proteins. As is discussed above in 
reference to the Restriction Requirement, these peptides are all used to induce an immune 
response to prevent or treat an amyloid-related disease, and thus share a common utility, and are 
all peptides of amyloid fibrils or proteins, and thus share a substantial structural feature that is 
essential to that utility. Thus, because the Markush groups of these claims meet the criteria for 
unity of invention in such a claim, this objection should be withdrawn. 

Regarding claims 4, 5, 12, and 14, applicants note that these claims include Markush 
groups that specify variable N-terminal and C-terminal substituents for amyloid peptides. These 
substituents are chemical groups, e.g., alkyl groups, heterocyclic groups, acyl groups, alkoxy 
groups, and amino groups. Applicants note that it is standard for chemical patents to include 
claims that include Markush groups of chemical substituents that are far larger than these. It thus 
appears to be acceptable Patent Office practice to maintain such groups in chemical applications, 
and applicants respectfully submit that this standard should be applied in the present application 
as well. The elements of these Markush groups provide chemical modifications of the ends of 
the peptides, and the peptides themselves could be searched without these modifications (see 
above) with ease. Any hits could then be analyzed for the presence of the short lists of 
substitutions in these Markush groups. 

Rejection under 35 U.S.C. § 112, first paragraph 

Claims 1-8 and 12-17 were rejected under § 1 12, first paragraph as being overly broad. 
In particular, the Examiner states that the specification enables certain animal-based methods, 
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based on the teachings of Schenk et al., WO 99/27944, but does not enable the prevention or 
treatment of amyloid related disease, particularly in a human or with the breadth of the peptides 
claimed. This rejection is respectfully traversed. 

The Examiner first refers to the exemplifications of Schenk et al. 5 Nature 400:173-177, 
1999, and states that the mouse model used by Schenk is not recognized as providing teachings 
that would be predictive of results that are consistent with the full scope of the claims, which 
include the treatment of humans. Applicants respectfully disagree. 

Mouse models, such as that of Schenk, were widely used in the art at the time of the 
invention in studies carried out to characterize and test candidate treatments for amyloid-related 
diseases such as Alzheimer's disease. As another example of such a model, applicants submit 
herewith a paper by Chishti et al., J. Biol. Chem. 276(24):21562-21570, 2001 (a copy is 
enclosed), which describes a transgenic mouse model characterized by the deposition of P- 
amyloid and cognitive defects by the age of 3 months. The authors found that learning 
impairment in these mice was offset by immunization against Ap42. Further, the authors refer to 
an earlier paper (Janus et al., Nature 408:979-982, 2000; a copy of the abstract is enclosed), 
which shows that such vaccination is also effective at reducing cognitive dysfunction and the 
deposition of cerebral fibrillar Ap in the TgCRND8 murine model of Alzheimer's disease. In 
addition, the authors make note of several additional animal models of this disease (page 21563, 
left column). Further, another earlier paper (Morgan et al., Nature 408:982-985, 2000; a copy is 
enclosed) describes yet another transgenic mouse model of Alzheimer's disease, in which the 
authors found that vaccination with Ap protects mice from learning and age-related memory 
deficits that normally occur in this model. Thus, it is clear that animal models of amyloid-related 
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disease were in use at the time of the present invention, and that those of skill in the art used 
these models in studies aimed at identifying and characterizing potential treatments of human 
disease. The fact that perhaps not each and every feature of such diseases may be mimicked in a 
particular model does not mean that the model does not have predictive value. Indeed, animal 
models such as those described in the cited papers have been widely used to test treatments for 
many diseases, just prior to testing in humans. 

In further support of the position that the art teaches a lack of correlation of benefits 
shown in the mouse model to humans, the Examiner refers to Munch et al., J. Neural 
Transmission 109:1081-1087, 2002, stating that this paper shows that treatments effective in 
mice evoked neurotoxicity when practiced in humans. The teachings of the Munch paper do not 
show that the results obtained in the mouse model cannot be correlated with results expected in 
humans. Rather, it shows that in a small percentage (<5%) of patients vaccinated with an 
amyloid-P peptide in a clinical trial, central nervous system inflammation occurred, resulting in 
the halting of the trial. The study was not halted because it showed that the treatment did not 
work, and the paper provides no basis for concluding that the patients did not benefit from the 
treatment. In fact, the enclosed paper by Hock et al. (Neuron 38:547-554, 2003) shows that the 
patients did indeed benefit from the treatment. In particular, the Hock paper notes that after the 
suspension of the trials described in the Munch paper, a cohort of 30 patients with Alzheimer' 
disease who participated in the trials were followed. Hock found that patients who generated 
antibodies against P-amyloid showed significantly slower rates of decline in cognitive functions 
and activities of daily living, as compared to patients without such antibodies. This observation 
led Hock to conclude that "antibodies against p-amyloid plaques can slow cognitive decline in 
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patients with Alzheimer's disease," clearly showing that the vaccine approach to treating this 
disease is effective. 

Further, Munch states on page 1082 that the companies carrying out the trial, Elan 
Corporation and Wyeth-Ayerst Laboratories, intended to proceed with a vaccine-based approach 
to therapy, providing validation for this approach. In fact, a recent press release (a copy is 
enclosed) from Elan states that the company plans to reinitiate human trials with a reformulated 
version of their vaccine. And it is not only these companies that are interested in continuing with 
such an approach, in spite of the initial clinical trial results. For example, referring to these 
studies, Cirrito et al., J. Clin. Invest. 1 12(3):321-323, 2003 (a copy is enclosed), state "[t]hough 
the first clinical trials for Ap vaccination were halted due to CNS inflammation in a small subset 
of subjects, active and passive immunization strategies remain a viable potential therapy worth 
continued exploration." The Munch paper thus should not be interpreted as showing that 
vaccine approaches to treating amyloid-related diseases cannot be effective. 

The Examiner goes on to state that the animal model system does not show that the 
treatment is effective to prevent the onset of disease. In response, applicants point to the 
experimental results described in Example II of the present application (pages 47 and 48). These 
experiments show that antibodies raised against Ap peptides can block fibrillogenesis in the 
Thioflavin T assay and by electron microscopy. These results, showing that the process involved 
in the formation of amyloid deposits can be blocked by antibodies, certainly support applicants' 
position that the present methods are effective in preventing disease onset, in addition to treating 
ongoing disease. 

The Examiner then goes on to reference papers showing the efficacy of certain peptides in 
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removing amyloid plaque burden (Lemere et al., Society for Neuroscience, Abstracts 25:519.6, 
29 th annual meeting, 1999; Schenk et al, Nature 400:173:177, 1999; Nordstedt et al., WO 
97/21728 and U.S. Patent No. 6,331,440, and Kiessling et al., U.S. Patent No. 6,022,859), but 
states that these references do not show the relative ability of alternative peptides to achieve this 
effect. 

In response, applicants refer to the accompanying Declaration of Francine Gervais, which 
was originally submitted in the parent case, U.S. Serial No. 09/724,842. The Declaration shows 
that peptides including D amino acids are effective in inducing antibodies against amyloid-p 
peptides, as well as in decreasing amyloid-P levels in the brain. Further, the Declaration shows 
that D peptides are unexpectedly better than corresponding L peptides. More specifically, the 
experiments described in the Declaration show that a D peptide including amino acids 10-22 of 
Ap (BSA-(C)D 10-22) induced high levels of antibodies in rabbits, and that these levels were 
substantially higher than those induced by a corresponding L peptide (BSA-(C)L10-22)(nearly 
25,000 vs. undetectable). Similar results were obtained for another set of constructs including 
amino acids 10-22 of Ap (KLH-(C)C 10-22 vs. KLH-(C)L 10-22). The experiments also show 
that a D peptide including amino acids 13-22 of Ap (BSA-(C)D 13-22) induced high levels of 
antibodies in rabbits, and that these levels were substantially higher than those obtained with a 
corresponding L peptide (BSA-(C)L13-22). The experiments in the Declaration further show 
that vaccination with a D peptide (D13-21-KLH) is effective in decreasing the levels of Ap40 
and Ap42 in the brains of a transgenic mouse model of Alzheimer's disease, and that use of a D 
peptide is more effective than a corresponding L peptide (L13-21-KLH). Further, the results 
show that the D peptide is effective at increasing plasma levels of Ap in immunized mice, to a 
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level that is greater than that obtained using a corresponding L peptide. These results show that 
peptides such as those of the present claims are effective. 

The Office Action further states that protein chemistry is an unpredictable area of 
biotechnology, and refers to two papers to support the point that proteins with deletions, 
insertions, or substitutions may have structural and functional changes in biological activity and 
immunological recognition. The first reference, Skolnick et al., Trends in Biotech. 18(l):34-39, 
2000, focuses on how genome sequencing projects have provided information on protein 
sequences, and states that such information is not sufficient to teach protein function, due to the 
complex folding, etc., required to achieve function. The reference does not mention the effects 
of structure on immunological recognition, and thus does not appear to be relevant to the present 
rejection. 

The second reference, Jobling et al., Mol. Microbiol. 5(7):1765-1767, 1991, is cited for 
teaching that single amino acid substitutions in a protein (the B subunit of cholera toxin) produce 
proteins with differing conformations, immunological recognition, binding, and toxicity. With 
respect to immunological recognition, the paper makes note of substitutions at amino acid 
position 88 as resulting in decreased levels of immunoreactive protein. In explaining why 
substitutions at this position may have led to such a decrease, the paper states that it could be due 
to a defect at any step in the pathway from gene to protein (page 1763). For example, the paper 
states that the decreased levels could be due to degradation prior to or during secretion, folding 
into a conformation that is incompatible with secretion, proteolysis in the periplasm, or inability 
to fold into wild type conformation. Thus, the paper does not provide support for the position 
that mutations necessarily decrease immunological recognition, but rather points more to 
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mutations as affecting the endogenous protein from being produced and secreted properly. 
Further, tests are provided in the present application for determining whether a candidate peptide 
has the desired effects. In particular, Examples I and II describe in vitro assays for determining 
whether a peptide has anti-fibrillogenic activity. Thus, candidate peptides including mutations 
could easily be tested in such assays. 

The Examiner goes on further in this rejection to state that Schenk et al, WO 99/27944, 
teaches the use of several peptides (A(3 1-5, 1-12, 13-28, and 33-42), but only shows that one of 
them (Ap 1-5) was effective at reducing plaque burden in PDAPP mice, and only in the cortex of 
the mice. Based on this, the Examiner concludes that even minor changes can affect the activity 
of peptides, and notes that the present specification does not teach which residues can be 
modified to retain activity. In reply, applicants repeat that Examples I and II of the present 
application provide details as to how to determine whether a particular peptide has 
antifibrillogenic activity. Thus, if one skilled in this art wanted to alter the sequence of a peptide 
and determine whether it would be effective in the methods of the invention, such assays could 
be carried out with the altered peptides. It is well accepted in the art that in vitro assessment of 
the anti-fibrillogenic activity of antibodies generated against a candidate peptide is a good 
predictor of its in vivo anti-amyloid activity using an animal model. Carrying out such in vitro 
assays certainly does not require undue experimentation. 

Finally, the Office Action states that the claims recite the use of antigenic all-D peptides 
by their functional characteristics, and not by particular amino acid structure, and that the 
specification does not teach which peptides have the desired effects. The Office Action further 
states that the specification fails to provide suitable methodology for determining whether a 
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peptide may have such effects. Applicants respectfully disagree. As is discussed above, assays 
for testing the peptides are described in the Examples, on pages 47-48 of the specification. In 
particular, the Examples describe the induction of antibodies against candidate peptides and the 
testing of the antibodies in antifibrillogenic assays. Further, animal model systems were known 
in the art for testing such peptides. Thus, applicants have provided sufficient information for 
those of skill in this art to identify and characterize candidate peptides. 

In view of the above, applicants respectfully request that the rejection under § 1 12, first 
paragraph be withdrawn. 

Rejection under 35 U.S.C. § 112, second paragraph 

Claims 1-8 and 12-17 were rejected under § 1 12, second paragraph as being indefinite in 
reciting the term "all D," which the Examiner states would be accepted in the art as meaning that 
every amino acid in the peptides are D amino acids. The Examiner thus concludes that the metes 
and bounds of the amino acids that are required to be D amino acids are indefinite. In the interest » 
of expediting prosecution, applicants have amended the claims to specify that the peptides used 
in the claimed methods comprise at least 50% D amino acids. Support for this amendment can 
be found in applicants' definition of "all D" peptides, which is on page 26, lines 22-25 of the 
specification. 

Rejections under 35 U.S.C. $ 102 

Claims 1-8 and 12-17 were rejected under § 102(b) as being anticipated by Nordstedt et 
al., WO 97/21728, and under § 102(e) over Nordstedt et al., U.S. Patent No. 6,331,440. These 
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rejections are respectfully traversed. 

The rejection is based on the Examiner's position that the limitations of the present 
claims are taught in the Nordstedt references, which teach administration of L or D peptide 
binding sequences of (3-amyloid to prevent or treat amyloid fibril formation, in light of the 
teachings of Schenk (supra) that such peptides are recognized as being capable of eliciting an 
immune response. Applicants respectfully disagree with this rejection. 

The Nordstedt references provide no teaching of the use of amyloid peptides to induce an 
immune response, as is required by the present claims. Rather, these documents teach the use of 
such peptides to inhibit amyloid fiber formation by competitive inhibition. Schenk does not 
show that the peptides of the present claims are capable of eliciting an immune response, because 
the peptides of Schenk are L peptides, not the D peptides required by the present claims. Thus, 
because the cited references do not describe the present invention, this rejection should be 
withdrawn. 

Claims 1-8 and 12-17 were also rejected under § 102(e) as being anticipated by Kiessling 
et al., U.S. Patent No. 6,022,859. This rejection is respectfully traversed. 

Similar to the Nordstedt references, the Kiessling patent teaches peptides that disrupt P- 
amyloid aggregation. Kiessling does not describe the use of such peptides in immunization 
methods, and the fact that the Schenk reference teaches that L peptides are immunogenic is not 
relevant, as Schenk does not describe D peptides, as is required by the present claims. This 
rejection should therefore be withdrawn. 
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CONCLUSION 



Applicants submit that the claims are in condition for allowance, and such action is 
respectfully requested. If there are any charges not covered or any credits, please apply them to 
Deposit Account No. 03-2095. 

Respectfully submitted, 

Date: 6^tr^, _23.2.oo ? ^-^4*^? 

Susan M. Michaud, Ph.D. 
Reg. No. 42,885 

Clark & Elbing LLP 
101 Federal Street 
Boston, MA 021 10 
Telephone: 617-428-0200 
Facsimile: 617-428-7045 
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Summary 

To test whether antibodies against p-amyloid are ef- 
fective in slowing progression of Alzheimer's disease, 
we assessed cognitive functions in 30 patients who 
received a prime and a booster immunization of aggre- 
gated Ap 42 over a 1 year period in a placebo-controlled, 
randomized trial. Twenty patients generated antibod- 
ies against p-amyloid, as determined by tissue amyloid 
plaque immunoreactivity assay. Patients who gener- 
ated such antibodies showed significantly slower 
rates of decline of cognitive functions and activities 
of daily living, as indicated by the Mini Mental State 
Examination, the Disability Assessment for Dementia, 
and the Visual Paired Associates Test of delayed recall 
from the Wechsler Memory Scale, as compared to 
patients without such antibodies. These beneficial 
clinical effects were also present in two of three pa- 
tients who had experienced transient episodes of im- 
munization-related aseptic meningoencephalitis. Our 
results establish that antibodies against p-amyloid 
plaques can slow cognitive decline in patients with 
Alzheimer's disease. 

Introduction 

p-amyloid is a major histopathological hallmark of Alz- 
heimer's disease (AD) (National Institute on Aging, 1 997). 
It is associated with age-related cognitive decline, neu- 
rotoxicity, and the formation of neurofibrillary tangles 
(NFT) (Naslund et al., 2000; Chen et al. t 2000; Geula et 
al., 1998; Gotz et al., 2001 ; Lewis et al., 2001). Therefore, 
several p-amyloid-lowering strategies are currently de- 
veloped for clinical use. These include inhibition of the 
generation of amyloid p-peptide (Ap) with p- and 
7-secretase inhibitors, prevention of Ap aggregation, 
and immunization against p-amyloid (Citron, 2002; 
Weiner and Selkoe, 2002; Sigurdsson et al., 2002; 
Gandy, 2002). Both passive and active immunization of 
transgenic mice against p-amyloid can reverse neuropa- 
thology and improve pathologic learning and memory 
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behaviors (Schenk et al., 1999; Bard et al., 2000; Janus 
et al., 2000; Morgan et al., 2000; De Mattos et al., 2001). 
In a human patient with AD, immunization against 
p-amyloid was associated with sizable brain areas de- 
void of p-amyloid, reduced neuritic pathology, reduced 
astrocytosis, and microglial cells filled with p-amyloid 
(Nicoll et al., 2003), as predicted by previous immuniza- 
tion experiments in transgenic mice. 

To test whether active immunization can slow the pro- 
gression of dementia in patients with AD, a recent 
multicenter study was initiated, but active dosing of the 
vaccine was suspended after the transient occurrence 
of clinical signs of aseptic meningoencephalitis in 6% 
of the cases (Schenk, 2002; Orgogozo et al., 2003). After 
suspension of dosing, we continued to follow up our 
cohort of 30 AD patients who participated in this study. 

Patients with a clinical diagnosis of mild to moderate 
AD had received active prime and booster immuniza- 
tions with preaggregated Ap 42 (QS-21 ) (n = 24) or placebo 
(n = 6) in a double-blind, randomized study design (Hock 
et al., 2002; Schenk, 2002; Orgogozo et al., 2003). By 
using a specific and sensitive tissue amyloid plaque 
immunoreactivity (TAPIR) assay, we observed the sus- 
tained generation of antibodies against brain p-amyloid 
plaques in 20 of our 30 patients (Hock et al., 2002). To 
determine whether these antibodies were associated 
with modifications of the clinical course of AD, we tested 
cognitive functions and capacities of daily living of the 
patients at baseline (n = 30) and during a 1 year period 
(n - 28, due to two dropouts). 



Results 

Human Antibodies Recognized Brain 
p-Amyloid Plaques 

Twenty of thirty patients in this study generated antibod- 
ies that specifically recognized p-amyloid plaques on 
brain tissue sections obtained from transgenic mice ex- 
pressing in brains both human APP with the Swedish 
mutation and human presenilin 1 (PS1) with the M146L 
mutation (APP Sw xPS1 M146L ) (Figure 1; Holcomb et al., 
1 998). The ten other patients did not generate such anti- 
bodies, or had very low serum level at baseline with 
unchanged levels during the study. Together, this group 
of patients (n = 9 observed cases at month 1 2) was used 
as the control group for comparisons. The presence, or 
the absence, of the antibodies against p-amyloid was 
unrelated to the occurrence of aseptic meningoenceph- 
alitis in a total of three patients in our cohort. Confocal 
microscopy images of p-amyloid plaques stained with 
human immune sera or immune CSF showed close to 
complete overlap in staining obtained with both the 
monoclonal antibody 4G8 against Ap and with Thioflavin 
S. The overlap in staining with Thioflavin S indicated 
that these human antibodies recognized bona fide brain 
p-amyloid plaques. To score the ability of the sera to 
recognize p-amyloid plaques, we used our TAPIR assay 
(Hock et al., 2002). 
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Figure 1 . Confocal Immunofluorescence Im- 
age of 0-Amyloid Plaques Stained by Human 
Antibodies against (3-Amyloid Obtained from 
a Patient with AD Who Participated in This 
Study 

(A) Human immune serum with antibodies 
against [3 -amyloid. 

(B-F) Triple-stained p-amyloid plaque. 

(B) Human immune CSF, red. 

(C) Monoclonal antibody 4G8, blue. 

(D) Human immune CSF and 4G8, purple. 

(E) Thioflavin S, green. 

(F) Human immune CSF and thioflavin S, 
yellow. 

Scale bar equals 20 p.m. 





Slowed Decline of Cognitive Functions 
and Capacities of Daily Living 

AD patients who generated antibodies against p-amy- 
loid (n = 19) performed markedly better on the Mini 
Mental State Examination (MMSE) 8 months and 1 year 
after the immunization, as compared to control patients 
(n = 9, p = 0.008, ANOVA) (Figure 2A). As compared to 
baseline, the patients who generated antibodies against 
p-amyloid remained unchanged after 1 year (-1.4 ± 3.5, 
mean ± SD n.s., median = -1 .0). Patients in the control 
group worsened significantly by -6.3 ± 4.0 MMSE 
points (mean ± SD, median = -5.0; p < 0.01 , Wilcoxon). 
This magnitude of progression of dementia is clinically 
relevant, and it is somewhat higher than rates of decline 
known for the natural history of AD of -3.9 ± 3.7 MMSE 
points per year, but both our mean and median values 
are well within one standard deviation of published data 
(Morris et al., 1993). In contrast, the clinical stabilization 
in the group of patients who generated antibodies 
against p-amyloid differed markedly from the known 
natural history of AD (Morris et al., 1993). 

To determine whether beneficial effects were also 
noted by the patients' caregivers, we applied the Disabil- 



ity Assessment for Dementia (DAD) rating scale by inter- 
viewing caregivers in a double-blinded manner (Gauthier 
et al., 1997). The DAD assesses activities of daily living 
including initiation, planning, and organization; perfor- 
mance in eating, bathing, grooming, dressing, and toilet- 
ing; and telephone communication, paying bills, cook- 
ing, and shopping. Performance in the DAD was 
significantly better in patients who generated antibodies 
against p-amyloid, as compared to control patients (Fig- 
ure 2B). After 12 months, patients who generated anti- 
bodies against p-amyloid declined by -2.9 ± 3.8 of 40 
points on the DAD, as compared to -8.7 ± 10.0 in 
control patients (p = 0.030, ANOVA) or, in percent of 
applicable questions, by -6.1% ± 9.0% versus 
-20.1% ± 23.4%, respectively (p = 0.039, ANOVA). 
Thus, the cognitive stabilization translated into rele- 
vance for daily life. 

Relation of Clinical Outcome to the Increase 
in TAPIR Scores 

To determine whether the clinical outcome was related 
to TAPIR scores, we grouped the patients according to 
the magnitude of increases in TAPIR scores and ob- 
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Figure 2. The Generation of Antibodies 
against p-Amyloid Was Associated with 
Slowed Declines in Cognitive Functions and 
Activities of Daily Living 
AD patients who generated antibodies 
against p -amyloid (filled symbols, solid lines) 
were compared to patients without this im- 
mune response (controls, open symbols, 
dashed lines). 

(A) MMSE scores of dementia severity. AD 
patients who generated antibodies against 
p-amyloid (n = 19) performed significantly 
better (*p = 0.008, ANOVA) than the controls 
(n = 9). 

(B) DAD scores of activities of daily living. 
Patients who generated antibodies against 
p-amyloid (n - 19) performed significantly 
better (*p = 0.030, ANOVA) than control pa- 
tients (n = 9); in percent of applicable ques- 
tions, patients who generated antibodies 
against p-amyloid declined by -6.1 % ± 9.0% 
versus -20.1% ± 23.4% decline of controls 
after 12 months (p = 0.039, ANOVA). 

(C) The magnitude of the immune response, 
as defined by increases in TAPIR scores, was 
related to the clinical outcome. Whereas con- 
trol patients without increases in TAPIR 
scores (n = 9) worsened, patients with inter- 
mediate increases (n = 1 3) declined only mar- 
ginally, and patients with strong increases 
(n = 6) remained stable (p - 0.008, Kruskal- 
Wallis test; *p = 0.021, **p = 0.004, U tests 
versus controls). 

(D) Prevention of disease progression. Upon 
the generation of antibodies against 
(J-amyloid, significantly more patients did not 
progress to severe dementia (MMSE < 14). In 
contrast, the vast majority of control patients 
had progressed to severe dementia (*p < 



0.01,x 2 = 7.25, d.f. = 1). 



0 6 12 

time (months) 

(E) Cognitive stabilization. MMSE scores 

were unchanged (±3) or higher in 1 2 of 1 9 patients who generated antibodies against p-amyloid (solid bar) in contrast to 2 of 9 control patients 
(open bar) (*p < 0.05, x 2 = 4.09, d.f. = 1). 

(F) Preserved hippocampal function tested by the WMS Visual Paired Associates Test of delayed recall. Only two-thirds of the study patients 
in either group were able to complete this task. Performance of the patients who generated antibodies against p-amyloid (n = 13) was 
significantly better (*p = 0.029, ANOVA) as compared to control patients (n = 5). 



tained the following three groups: no increase (n = 9), 
intermediate increase (n = 13), and strong increase (n = 
6) (Figure 2C). Whereas patients with no increases in 
TAPIR scores worsened markedly, patients with inter- 
mediate increases declined only marginally, and pa- 
tients with strong increases remained stable (p = 0.008, 
Kruskal-Waliis test). These data show a dose-response 
relationship between the increase in serum antibodies 
against p-amyloid plaques and the clinical outcome. 
Patients with strong increases in TAPIR scores were 
essentially protected from disease progression. Nota- 
bly, two patients in this group improved to MMSE scores 
of 28 and 30, back from 25 and 24 at baseline, respec- 
tively. 

Prevention of Disease Progression 
At baseline, only patients with mild to moderate demen- 
tia (MMSE 16-26) were included in the study. After 1 
year, 67% (6 of 9) of the control patients had progressed 
to severe dementia (MMSE <14). In contrast, only 16% 
(3 of 1 9) of patients who generated antibodies against 



p-amyloid had progressed to severe dementia (p < 0.01 , 
X 2 = 7.25, d.f. = 1; Figure 2D). Moreover, 21 % (4 of 19) 
of patients in this group had improved MMSE scores, as 
compared to none in the control group. When cognitive 
stabilization was defined by unchanged (±3 points) or 
higher MMSE scores, 63% (12 of 19) of the patients 
who generated antibodies against p-amyloid remained 
stable, as compared to 22% (2 of 9) in the control group 
(p < 0.05, x 2 = 4.09, d.f. = 1; Figure 2E). 

Preserved Hippocampal Function 
Thirteen of twenty of the patients who generated anti- 
bodies against p-amyloid and 5 of 10 of the control 
patients were able to complete the Visual Paired Associ- 
ates Test of delayed recall from the Wechsler Memory 
Scale. This task is a demanding test of hippocampal 
memory function (Wechsler, 1 987). The reasons for not 
completing (n = 1 2) this test included inabilities to follow 
instructions or to learn items for recall and refusal. Upon 
generation of antibodies against p-amyloid, perfor- 
mance of the subset of patients who completed this 
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Figure 3. Sustained Increases in Serum Antibodies 
Increases in TAPIR scores (n = 20; filled symbols, solid tine) were 
associated with long-lasting increases in serum IgG (A) and IgM (B) 
antibodies against Af} 42 (*p = 0.005 and p < 0.0001, ANOVA). No 
changes in anti-Ap„-lgG or IgM in the control group {n = 1 0; open 
symbols, dashed line). 



test was significantly better (p = 0.029, ANOVA), as 
compared to control patients (Figure 2F). 



Other Neuropsychological Tests 
The generation of antibodies against p-amyloid was as- 
sociated with trends toward better test scores in other 
assessments including the ADAS-Cog (with antibodies: 
-5.5 ± 6.8, n = 17 versus -7.8 ± 5.2 in controls, n = 
6), naming (0.1 ± 0.7, n = 19 versus 0.7 ± 1.0, n = 9), 
verbal fluency (-3.6 ± 5.1, n = 18 versus -5.9 ± 4.3, 
n = 8), and CGIC (-0.1 ± 0.7, n = 18 versus -1.1 ± 
1.0, n = 8). 



Sustained Increases in Serum Antibodies 
against Ap 

The group of patients who generated antibodies against 
p-amyloid showed a marked and long-lasting increase 
in serum antibodies against aggregated Ap 42 in both IgG 
(Figure 3A) and IgM (Figure 3B) classes as measured by 
ELISA (p = 0.005 and p < 0.0001 , ANOVA, two factors, 
repeated measurements). Titers of both anti-Ap 42 -lgG 
and anti-Ap 42 -lgM increased within the month after the 
prime injection, attained a maximum within the month 
after the booster injection, and remained high until 
month 1 2. These sustained increases could be related 
to the long-term stability of the Ap 42 aggregates use as 
the vaccine. 



TAPIR Assay Predicts Clinical Outcome 
If binding to, and removal of, brain p-amyloid is a thera- 
peutic principle in AD, selective antibodies against 
p-amyloid should have stronger protective effects than 
anti-Ap antibodies without the ability to bind p-amyloid. 
Indeed, we observed no significant differences in clinical 
measures, cognitive performance, or neuropsychologi- 
cal tests when ELISA titers of antibodies against Ap 
peptides were used to differentiate responders from 
nonresponders (p > 0.05 in all tests). Moreover, two 
patients with high ELISA titers but with low TAPIR scores 
did not experience beneficial clinical effects, but three 
patients with high TAPIR scores and with low, ELISA 
titers were protected against disease progression. In 
addition, there were no stable or improved patients with 
high ELISA titers and low TAPIR scores, and there were 
no worsened patients with high TAPIR scores and low 
ELISA titers (p - 0.025, x 2 = 5.0; d.f. = 1). 

Antibodies against p-Amyloid 
Can Reach the Brain 

We had available 20 paired CSF samples obtained both 
at baseline and after 1 year. We found that immune CSF 
of four patients contained antibodies against p-amyloid 
(Figure 1 B), demonstrating the principal ability for the 
antibodies to reach the CSF compartment. CSF/serum 
ratios for albumin were normal in the patients with CSF 
antibodies against p-amyloid; presence of oligoclonal 
bands in CSF was observed in one patient. Our data 
favor passage of antibodies across the blood-brain bar- 
rier, irrespective of its integrity, over intrathecal produc- 
tion, as an explanation for antibody presence in CSF. 
The absence of either increased CSF cell counts or in- 
creased CSF IgG indices imply that generation of anti- 
bodies against p-amyloid is not associated with chronic 
brain inflammation, although our 1 year CSF data can 
not rule out transient inflammatory episodes during ear- 
lier time points within the study period. 

Unchanged Plasma and CSF Levels of Ap 

In our patients, the generation of antibodies against 
p-amyloid was not associated with major changes in 
either CSF levels of Ap^ and Ap 42 (Figures 4A and 4B) 
or in plasma levels of Ap 42 (Figure 4C), arguing against 
the possibility that sequestration of serum Ap is an un- 
derlying principle of the therapeutic effects observed 
here. We do not know whether brain p-amyloid load was 
reduced in our study patients; in vivo imaging tech- 
niques will be required to answer this question. 

Discussion 

Here we report the results of our TAPIR analysis applied 
to the Zurich cohort of 30 patients who participated in 
a multicenter trial of p-amyloid immunization. We ob- 
served slowed cognitive decline in AD patients who gen- 
erated antibodies against p-amyloid plaques. Whereas 
cognition of patients who did not generate such antibod- 
ies worsened, patients with intermediate increases in 
such antibodies declined only marginally, and patients 
with strong increases remained clinically and cognitively 
stable. The clinical stabilization was further substanti- 
ated by significantly better performance in activities of 



p -Amyloid Antibodies Slow Decline in Alzheimer's 
551 



I 4 



S 3 
ea 

< 

S3 » 

1 



o 

• 




° o 

• 


• 

1 


*• 

• 


• 

• 


° t 

8 

o • 


• 

• 
• 
• 



time (months): 0 




2 3 4 
time (months) 

Figure 4. No Differences in CSF or Plasma Levels of A(5 

Patients who generated antibodies against p-amyloid (filled circles) 

as compared to control patients (open circles). 

(A) CSF levels of A0„. 

(B) CSF levels of A0 42 . 

(C) Plasma levels of Ap 42 (means ± SEM, n - 20 patients who 
generated antibodies against (3-amyloid, n = 1 0 control patients, n.s.). 



daily living and by tests of hlppocampal memory func- 
tions. These data establish the possibility that antibod- 
ies against p-amyloid are effective in halting the progres- 
sion of AD. 

Despite the fact that the TAPIR scores were statisti- 
cally correlated with ELISA titers of serum antibodies 
against Ap 42 (r 8 = 0.700, p < 0.001), the TAPIR scores 
predicted therapeutic outcome, whereas ELISA did not. 
Together with our subgroup of patients with discrepant 
TAPIR scores and ELISA titers, these data suggest that 
the degree of selectivity of the antibodies for bona fide 
(3-amyloid is an important determinant for the clinical 
efficacy of antibodies in AD. The difference between 
TAPIR and ELISA scores could be related to important 
qualitative characteristics of the antibodies with respect 
to epitope recognition, affinity, and avidity of the binding 
reaction with p-amyloid plaques in the physiologic brain 
environment. These conditions may not be mimicked 



adequately by preparations of synthetic Ap on ELISA 
plates. Together, the data underscore the importance 
of using appropriate assays for antibody analyses, and 
they suggest using TAPIR scores instead of ELISA titers 
for the analysis of responders. These data also demon- 
strate the necessity for carefully selecting therapeuti- 
cally relevant epitopes within p-amyloid and its constit- 
uents for the future development of immunotherapy 
for AD. 

The observed clinical differences among AD patients 
with and without an immune response were unrelated to 
the AChEl treatments, because patients in both groups 
were on stable dosages of AChEl before and during this 
trial. These data therefore support the possibility that 
the therapeutic effects of antibodies against p-amyloid 
and AChEl are additive. For the formal test of this possi- 
bility, however, control groups without AChEl treatments 
are required. Other factors that could potentially affect 
rates of progression of dementia, including age, gender, 
medication, and head trauma, were either excluded by 
the selection criteria or were distributed evenly among 
the groups. The ApoE genotype affects the risk for get- 
ting AD as well as the age of onset, but not the rate of 
cognitive decline once the disease has started (G row- 
don et al., 1996). Nevertheless, the distribution of the 
common ApoE genotypes was equal among the groups 
(p = 0.1 1 4, x 2 = 2.5; d.f. = 1 for genotypes, and p = 
0.438, x 2 = 0.602; d.f. = 1 for allele frequencies), and 
there was no carrier of an ApoEe2 allele in our cohort. 

During the course of the AN1 792 multicenter trial, 6% 
of the study patients developed clinical signs of aseptic 
meningoencephalitis (Schenk, 2002; Orgogozo et al., 
2003), and they were generally treated with corticoste- 
roids. These signs did not correlate with the generation 
of antibodies against p-amyloid. Moreover, occurrence 
of aseptic meningoencephalitis did not predict clinical 
outcome: two patients with aseptic meningoencephali- 
tis and who generated antibodies against p-amyloid in 
our cohort remained cognitively stable 1 year after the 
immunizations, despite the transient and reversible drop 
during the acute symptoms. On the other hand, demen- 
tia severity in one other meningoencephalitis patient 
without antibodies against p-amyloid continuously de- 
clined after recovery from the acute symptoms. These 
data imply the possibility that the beneficial effects of 
antibodies against p-amyloid on cognitive functions are 
maintained even after transient episodes of postvacci- 
nation aseptic meningoencephalitis. 

Passive immunization of mice with antibodies against 
soluble Ap resulted in increased plasma and CSF levels 
of Ap within 3 days (Dodart et al., 2002; De Mattos et 
al. t 2002), suggesting that antibody binding to plasma 
Ap leads to its sequestration, followed by efflux of Ap 
from brain to plasma. Other data show the importance 
of high-affinity binding of antibodies to F c receptors for 
removal of p-amyloid from mouse brain, suggesting F c 
receptor-mediated uptake of p-amyloid by macro- 
phages or microglia (Bard et al., 2003). Our data argue 
against sequestration as an underlying principle of the 
observed therapeutic effects, but the antibodies against 
p-amyloid reported here are substantially different than 
those used in the mouse studies, because of their rela- 
tive selectivity for structural epitopes in p-amyloid in 
plaques (Hock et al., 2002). 
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How do the results of this study affect the status of 
the amyloid cascade hypothesis of AD? Current versions 
of this hypothesis claim a primary role of p-amyloid in 
the pathogenesis of AD (Steiner and Haass, 2000; 
Selkoe, 2001 , 2002; Walter et al., 2001 ; Hardy and Selkoe 
2002; Golde, 2003; Ingelsson and Hyman, 2002; Domin- 
guez and De Strooper, 2002; Sisodia and St. George- 
Hyslop, 2002). In analogy to infectious disease, where 
the primary role in causing disease is played by an infec- 
tious agent, the characterization of the pathogenic role 
of (5-amyloid can be accomplished by two complemen- 
tary experiments: transmission and vaccination. Trans- 
mission experiments are designed to identify the dis- 
ease-causing entity in a diseased tissue by isolating 
the minimal disease-causing entity, transmitting it to a 
healthy animal, and thereby causing the disease pheno- 
type. For p-amyloid, this was largely accomplished by 
showing its role in neurofibrillar degeneration and in NFT 
formation, either by intracerebral microinjection or by 
transgenic expression (Gotz et al., 2001 ; Lewis et al., 
2001 ). Vaccination provides a complementary approach 
to explore the role of a suspected disease-causing en- 
tity. The experiment uses significant parts of the suspect 
as a vaccine to induce antibody-mediated immunity in 
a host animal. If the generated antibodies selectively 
react with the suspect and protect against disease— 
after exposure to an otherwise pathogenic dose of the 
suspected disease-causing entity— a central patho- 
genic role of the suspect is highly likely. From this point 
of view, the use of p-amyloid as a vaccine tests the 
possibility that p-amyloid plays a central role in causing 
cognitive decline in AD. Our result that precisely the 
patients who developed antibodies against p-amyloid— 
but not patients without such antibodies— prevented the 
progression of AD provides, therefore, the first success- 
ful clinical evidence for a central role of p-amyloid in 
causing cognitive decline and dementia in AD patients. 
The fact that the degree of the protective effects was 
related to the magnitude of the immune response 
against p-amyloid plaques in brain tissue underscores 
this conclusion. 

Important open questions include the relationship of 
the clinical efficacy to effects of antibodies against 
p-amyloid on the histopathology of AD. The initial obser- 
vation of a single immunized case devoid of p-amyloid 
(Nicoll et al., 2003) is clearly supportive of antibody- 
mediated removal of p-amyloid, but additional his- 
topathological analyses are required to conclusively 
confirm that removal of p-amyloid from brain is both 
necessary and sufficient for clinical efficacy. 

In conclusion, our findings establish that antibodies 
against p-amyloid plaques can slow clinical and cogni- 
tive decline in patients with AD, and they indicate major 
advantages of TAPIR assays over ELISA to predict clini- 
cal outcome. Our analyses should be continued by long- 
term follow-up studies of the complete cohort of AD 
patients who generated antibodies against p-amyloid 
as a result of Ap immunization. 

Experimental Procedures 

Patients and Treatments 

These experiments were done within an additional adjunct study of 
the Zurich cohort of 30 AD patients (9 female) who participated in 



the ELAN/Wyeth-Ayerst AN1792(QS-21) Phase 2A multicenter trial 
prior to unblinding of both treatment status and antibody responses. 
The study was approved by the ethics committee; written, informed 
consent was obtained from all patients and caregivers. The clinical 
diagnosis of probable AD was made according to the NINCDS- 
ADRDA criteria (McKhann et al., 1984), clinically relevant other dis- 
eases were excluded. MRI was done to exclude structural causes 
of dementia. Patients with mild to moderate dementia (MMSE 21 .0 ± 
3.2, range 1 6-26; Folstein et al., 1 975) and with disease durations 
of 3.6 ± 2.3 years (range 1-11) were included. To exclude vascular 
dementia, Rosen Modified Ischemic scores were <5. The mean age 
was 72.1 ± 7.2 years (range 52-82). Patients were randomized in a 
double-blind study design: 24 patients received an active vaccine 
consisting of preaggregated synthetic Ap 42 along with QS-21 adju- 
vant, and 6 patients received placebo. Both active vaccine and 
placebo were given as a prime intramuscular injection, followed 1 
month later by a boost intramuscular injection. The drug/placebo 
status remained blinded to patients, caregivers, clinical raters, and 
laboratory investigators. One patient from the placebo group died 
during the study from cerebrovascular hemorrhage. One patient 
refused testing at month 1 2. Therefore, our study ended with 28 
observed cases after one year. The 20 patients (6 female) who gener- 
ated antibodies against p-amyloid plaques were 73.6 ± 7.0 years 
old, had baseline MMSE scores of 21.6 ± 3.2, and had a mean 
duration of disease of 3.6 ± 2.4 years. Nineteen (6 female) of these 
completed the study (age 73.4 ± 7.1 years, MMSE 21.3 ± 3.1, 
duration 3.6 ± 2.5 years). The 1 0 control patients (3 female) were 
68.8 ± 6.8 years old, had baseline MMSE scores of 19.9 ± 3.2, and 
had a mean duration of disease of 3.8 ± 2.3 years. Nine (3 female) 
of these completed the study (age 68.8 ± 7.2 years, MMSE 19.2 ± 
2.5, duration 3.4 ± 2.2 years). 

Twenty-eight patients received stable doses of AChEl for at least 
3 months prior to inclusion. AChEl were continued throughout the 
study, except for one patient who generated antibodies against 
p-amyloid and who terminated AChEl at month 1 1 . The length of 
treatment with AChEl prior to testing at month 1 2 was similar among 
the patient groups with strong increases in TAPIR scores (3.0 ± 2.2 
years), with intermediate increases (2.1 ± 0.8), or without increases 
(3.6 ± 1.9; p = 0.211, Kruskal-Wallis test). These time periods are 
beyond the 1 year period of known stabilizing effects of AChEl 
(Doody et al., 2001 ; Giacobini, 2000). Of the patients who generated 
antibodies against p-amyloid, six received donepezil (5 mg per day, 
n = 1; 10 mg, n = 5), two rivastigmine (12 mg, n = 1; 3 mg, n = 1), 
and eleven galantamine (1 6 mg, n = 5; 24 mg, n = 6). One patient 
changed from galantamine (1 6 mg) to rivastigmine (6 mg). Among 
control patients, five received donepezil (1 0 mg, n = 5), four galan- 
tamine (1 6 mg, n = 1 , 24 mg, n = 3), and one patient no AChEl. 
Other medications for cognitive enhancement were neither permit- 
ted within the trial nor during the 3 month period prior to inclusion. 
Nonsteroidal antiinflammatory drugs (NSAID), statins, estrogens, 
and vitamin E were evenly distributed among the two groups. Pa- 
tients who generated antibodies against p-amyloid used NSAIDs 
(n = 11), statins (n = 3) vitamin E (n = 2), and no estrogens; patients 
in the control group used NSAIDs (n = 5), statins (n = 2), vitamin E 
(n = 1), and estrogens (n = 2). 

Tissue Amyloid Plaque Immunoreactivity (TAPIR) Assay 
For the assessment of the ability of the human immune sera to react 
with bona fide p-amyloid plaques in brain tissue, we developed a 
specific TAPIR assay. Double transgenic mice (1 8 months) express- 
ing pathogenic AD-causing human mutant APP and PS1 genes 
(APP w xPS1 M,4<L ) were perfused and fixed. Paraffin-embedded 
brains sections were incubated with human sera or CSF taken at 
baseline (month 0) and 56.0 ± 5.8 days after the booster injection. 
Samples were used either undiluted or diluted 1:50 to 1:10,000 in 
2% BSA and 10% horse serum in PBS. After washing, human IgG 
bound to p-amyloid plaques were detected with cy3 -conjugated 
donkey antibodies directed against heavy and light chains of human 
IgG (Jackson Labs, Bar Harbor, Maine). Fluorescent secondary anti- 
bodies were imaged through a 40 x objective and a TRITC fitter 
attached to a Nikon Eclipse E800 fluorescence microscope 
equipped with a Kappa PS 30C CCD camera. Images of all dilutions 
were acquired with standardized camera settings chosen to be well 
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below the saturation of 255 arbitrary units (A.U.) in 8 bit mode. 
The Image J software {http://www.ncbi.nlm.nih.gov) was used to 
quantify the mean pixel intensities (range 20 to 230 A.U.) of n = 1 5 
p-amyloid plaques per serum dilution. Averages of the means were 
used for both the standard curve and the individual samples. The 
assay was linear for serum dilutions ranging from 1:50 to 1:10,000 
(r = 0.951; p = 0.013). 

For comparisons with a standard curve obtained by diluting hu- 
man CSF from a responder, both preimmune and immune sera were 
used at 1 :50 dilutions and categorized by two independent, blinded 
raters into the following five immunoreactivity scores: absent immu- 
n ore activity (-); weak immunoreactivity corresponding to 1:10,000 
(+); moderate, 1 :5,000 (+ +); strong, 1 :1 ,000 (+ ++); and very strong, 
1:500 (+ + + +). To determine the increase in immunoreactivity dur- 
ing treatment, the preimmune immunoreactivity scores were sub- 
tracted from the immune scores to generate the following group: 
no increase, n = 10 (n = 9 observed cases) in the control group. In 
the group of patients who generated antibodies against p-amyloid 
(n = 20), one patient dropped out because of unwillingness to partic- 
ipate in neuropsychological testing at month 12, leaving n = 19 
observed cases. To compare the degree of the immune response 
to the clinical outcome, this group was further subdivided into two 
groups based upon the magnitude of increases in TAPIR scores as 
follows: strong increases representing 4+ increases from baseline 
to immune status (n = 6), and moderate increases representing the 
remaining group of 1+ to 3+ increases (n = 13) from baseline to 
immune status. 

Neuropsychology 

Clinical assessments including the MMSE were done at baseline, 
as well as at month 8 and month 12. Normal MMSE scores were 
assumed at 27-30; mild dementia at 20-26; moderate at 1 4-1 9; and 
severe at 0-1 3. The following tests were done at baseline and at 
months 6 and 1 2: the Alzheimer's Disease Assessment Scale (ADAS) 
cognitive part (ADAS-Cog) (Rosen et al., 1984), the Verbal and the 
Visual Paired Associates Tests of immediate and delayed recall from 
the Wechsler Memory Scale (WMS) (Wechsler, 1 987), and naming 
and fluency (verbal and categorical) (CERAD) (Morris et al., 1989). 
Global function was determined by the clinical dementia rating scale 
(CDRS) (Morris, 1993), as well as the clinical global impression of 
change (CGIC) (Knopman et al., 1994). Activities of daily living were 
assessed by Disability Assessment for Dementia (DAD) (Gauthier et 
al., 1997) rating scale ranging from 0 to 40. Because the Visual 
Paired Associates Test of delayed recall from the WMS is difficult, 
several patients were unable to complete it at month 12. The base- 
line scores for the patients who dropped out of this test were 1 .6 ± 
1 .2 (n = 1 2), as compared to 2.8 ± 1 .5 (n = 1 8) in patients who 
completed it after 1 year. The clinical raters remained blinded 
throughout the study to the treatment status, as well as to the 
immunoreactivity scores and antibody titers of the patients. 

ELISA Titer Assays 

Blocked Ap 42 -coated (Bachem, Weil am Rhein, Germany) mi- 
croplates (Nunc Maxisorp, Roskilde, Denmark) were incubated with 
diluted serum samples overnight at 4°C, washed, and incubated 
individually with goat anti-human biotinylated IgG or IgM (H+L) 
(Jackson Labs, Bar Harbor, ME), detected by peroxidase -conju- 
gated streptavidin (Jackson Labs, Bar Harbor, ME) and 3,5,3',5'- 
tetramethylbenzidine (TMB) (Sigma) at 450 nm on a Victor2 Multila- 
bel microplate reader (EG&G Wallac). All samples and standards 
were assayed in duplicates. 

Ap« and Ap w ELISAs 

CSF and plasma Ap„ were measured by the INNOTEST p-Amyloid 1 - 
42 ELISA according to the manufacturer's protocol (Innogenetics, 
Belgium). For Ap„ ELISA, 1 p.g/ml of biotinylated 4G8 (Signet, Ded- 
ham, MA) were bound to streptavid in-coated microplates (Nunc) 
and incubated with CSF diluted in PBS, along with BAP-24 (courtesy 
Dr. Manfred Brockhaus, Roche), followed by TMB as the chro- 
mophor, sulfuric acid and reading at 450 nm. Standard curves of 
Ap«, (Bachem) scaling from 0.1 5 to 40 ng/ml were used, and Ap 42 
was tested as a negative control. 



Statistical Analyses 

Data were analyzed by ANOVA. Comparisons of two groups were 
done with Mann-Whitney U tests, and comparisons of three groups 
were done by Kruskal-Wallis tests. The distribution of categorical 
variables between groups was tested by using the chi -square and 
Fisher's exact tests. The correlation coefficient quoted is Spear- 
man's rho. All p values reported are two-sided. Changes in neuro- 
psychological test scores (three data collection time points) were 
analyzed by observed cases analyses (OC). Changes in serum titers 
and plasma Ap levels (ten data collection time points) were analyzed 
by intention to treat (ITT) analysis; missing values were interpolated 
between visits and last values were carried forward. 
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We have created early-onset transgenic (Tg) models by 
exploiting the synergistic effects of familial Alzheimer's 
disease mutations on amyloid /3-peptide (A/3) biogenesis. 
TgCRND8 mice encode a double mutant form of amyloid 
precursor protein 695 (KM670/671NL+V717F) under the 
control of the PrP gene promoter. Thioflavine S-positive 
Aj3 amyloid deposits are present at 3 months, with 
dense-cored plaques and neuritic pathology evident 
from 5 months of age. TgCRND8 mice exhibit 3,200- 
4,600 pmol of A/342 per g brain at age 6 months, with an 
excess of A/342 over A/340. High level production of the 
pathogenic A/342 form of Ap peptide was associated with 
an early impairment in TgCRND8 mice in acquisition 
and learning reversal in the reference memory version 
of the Morris water maze, present by 3 months of age. 
Notably, learning impairment in young mice was offset 
by immunization against A/342 (Janus, C, Pearson, J., 
McLaurin, J., Mathews, P. M., Jiang, Y., Schmidt, S. D., 
Chishti, M. A., Home, P., Heslin, D., French, J., Mount, 
H. T. J., Nixon, R. A., Mercken, M., Bergeron, C, Fraser, 
P. E., St. George-Hyslop, P., and Westaway, D. (2000) 
Nature 408, 979-982). Amyloid deposition in TgCRND8 
mice was enhanced by the expression of presenilin 1 
transgenes including familial Alzheimer's disease muta- 
tions; for mice also expressing a M146L+L286V preseni- 
lin 1 transgene, amyloid deposits were apparent by 1 
month of age. The Tg mice described here suggest a 
potential to investigate aspects of Alzheimer's disease 
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pathogenesis, prophylaxis, and therapy within short 
time frames. 



Alzheimer's disease, the most common cause of dementia, 
has a complex etiology involving both genetic and environmen- 
tal determinants. It is characterized by cerebral amyloid de- 
posits formed from the amyloid )3-peptide (A/3), 1 neuronal loss, 
and intracellular deposits denoted neurofibrillary tangles 
(NFTs), aggregations of hyper-phosphorylated forms of the mi- 
crotubule-associated protein tau (t). Genetic analyses of di- 
verse familial Alzheimer's disease (FAD) kindreds indicate bio- 
synthesis of the amyloid /3-peptide (A/3), generated by 
secretase-mediated endoproteolysis of the amyloid precursor 
protein (APP), is a common denominator in inherited forms of 
the disease. In the case of chromosome 21-linked FAD kin- 
dreds, mutations in APP are found in close proximity to the 
endoprotease sites where Aj3 is excised by the action of p- and 
y-secretases (2-6). Mutations in presenilins 1 and 2 are 
thought to enhance cleavage of APP at the y-secretase site 
(7-9). Finally, the e4 allele of the ApoE gene, which is corre- 
lated with increased susceptibility to late-onset AD (10), is 
found to enhance the formation of mature plaques in certain 
APP transgenic mice (11). These genetic data indicate elevated 
Ap biogenesis or accumulation is likely a crucial pathogenic 
event in all forms of AD (i.e. both familial and sporadic AD). 
This conclusion finds a parallel in studies indicating that A/3 is 
neurotoxic (12-14). 

Since there are no naturally occurring rodent forms of AD, 
there has been great interest in creating accurate transgenic 
facsimiles of this disease. Such disease models have the poten- 
tial to stratify pathogenic events and practical utility for test- 
ing interventions directed against synthesis or deposition of the 
A/3 peptide. However, despite intense effort, remarkably few 
models exist (reviewed in Ref. 15). Some models fail to produce 
APP and/or its metabolites by physiologically appropriate path- 



1 The abbreviations used are: A/3, amyloid /3-peptide; FAD, familial 
Alzheimer's disease; AD, Alzheimer's disease; ELISA, enzyme-linked 
immunosorbent assay; APP, amyloid precursor protein; NFTs, neurofi- 
brillary tangles; Tg, transgenic; PSl, presenilin 1; mAb, monoclonal 
antibody; Tricine, A^-[2-hydroxy-l,l-bis(hydroxymethyl)ethyllglycine; 
wt, wild type; NSP, non -spatial pre -training; PDAPP, APP transgenic 
mice constructed using the platelet derived growth factor beta 
promoter. 
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ways, and in cases where this caveat does not apply, the trans- 
genic animals may display only facets of the AD phenotype 
(16). With regard to neuropathology, the phenotypes created 
thus far include amyloid deposits that closely resemble those 
seen in AD, selective neuronal loss (in one instance), some 
hyperphosphorylation of tau, but no deposition of NFTs (17- 
20). Neuropathological abnormalities in singly transgenic mice 
may not appear until 6-9 months of age and may not be robust 
until animals are well in excess of 1 year of age (see "Discus- 
sion"). Other complications encountered in these models in- 
clude hippocampal atrophy (21), neonatal lethality attributed 
to overexpression of APP (22, 23), and complex and variable 
relationships between cognitive dysfunction and transgene ex- 
pression (18, 21, 23-25). Here we describe a new line of trans- 
genic mice that exhibits deposition of Aj3-amyloid and robust 
cognitive deficits by the age of 3 months. These mice have a 
demonstrated utility for assessing procedures that interfere 
with amyloidogenesis (1) and may serve as a platform to create 
more sophisticated models of AD. 

MATERIALS AND METHODS 

Construction and Analysis of Tg Mice — The APP695 cDNA cassette 
was based upon an isolate of the cDNA clone described by Kang et al. 
(26). A Smal to Spel fragment including 90 and 269 base pairs of the wt 
APP cDNA 5'- and 3'-untranslated region was cloned into the plasmid 
vector pUCl9 (27). This clone was subjected to mutagenesis using the 
"transformer" protocol (CLONTECH) to convert the 5' Smal site to a 
Sail site, with a second Sail site deriving from the pUCl9 polylinker. 
The ~2.4-kilobase pair Sail fragment was excised and inserted into the 
Sail site of pBR322 (28), to exclude extraneous polylinker sites and 
thereby facilitate swapping of internal APP restriction fragments con- 
taining either Swedish (KM670/671NL) or Swedish plus Indiana 
(V717F) mutations ("Quick-change'', Stratagene Inc.). Completed plas- 
mids were sequenced in their entirety with a total of 12 sequencing 
primers covering the APP coding region, to exclude the possible pres- 
ence of erroneous mutations either present in the starting plasmids or 
introduced during in vitro manipulations. Sail fragments of APP or 
Xhol fragments of PS1 (9) were then cloned into cos.Tet (29). Notl 
transgene fragments excised from this cosmid vector were purified and 
injected into oocytes of different genetic backgrounds as noted, and 
founder animals were identified by dot-blot hybridization analysis of 
genomic DNA using a probe within the hamster PrP gene 3 '-untrans- 
lated region as described previously (9, 30). Double transgenic mice 
deriving from crosses of transgene he tero zygotes were identified by 
dot-blot hybridization analysis using human APP or PSl cDNA probe 
fragments. 

Protein Analysis — Western blots were performed by enhanced chemi- 
luminescence as described previously (9), except ECL-Plus (Amersham 
Pharmacia Biotech) was used in conjunction with a "Storm" imaging 
system (Molecular Dynamics) for quantitative analyses. For ELISA 
analysis, C3H/B6 X FVB/N mice at 4, 6, 8, 10, and 26 weeks of age were 
transcardially perfused with cold saline. The entire brain was removed 
and snap-frozen until analysis. Cerebral A0 was solubilized in a 5 M 
guanidine HC1, 50 mM Tris-HCl, pH 8.0 buffer (31), agitated, aliquoted, 
and stored at -80 °C. Thawed aliquots were diluted 10-fold or more and 
assessed for A/340 or A/342 using commercially available enzyme-linked 
immunosorbent assays (ELISAs) specific for either A/340 or A/342 and 
calibrated with synthetic A0 peptides (BIOSOURCE International). 
The A/340 ELISA does not display any cross -re activity with A/342 or 
A/343, and the A/342 ELISA does not react with either A/340 or A/343. 
Each brain was analyzed in duplicate or triplicate, with the average 
value reported for each brain. 

Survival Census — All pups were weaned at an age between 21 and 24 
days. The identification of pups genotypes was carried out between 23 
and 26 days of age. Therefore, the reliable estimation of Tg mice sur- 
vival is limited to their post-weaning age. Statistical analysis of sur- 
vival as a function of genetic background was carried out on three 
cohorts of TgCRND8 mice as follows: (C57) x (C3H/C57), (FVB) X 
(C3H/C57), and (C3H/C57/129SvEv/Tac) x (129SvEv/Tac). For compar- 
ative purposes the survival of non-Tg littermates was included, and the 
analysis was performed for the 1st year of life. Since the mortality of 
non-Tg mice was minimal (1 non-Tg mouse out of the total of 158 
included in the analysis died at the age of 26 days), non-Tg mice were 
pooled across their genetic backgrounds for graphical presentation and 
statistical analyses. The probability of survival was assessed by the 



Kaplan-Meier technique (32), computing the probability of survival at 
every occurrence of death, thus making it particularly suitable for small 
sample size cases with variable event intervals. The comparisons of 
cumulative survival curves for each genetic background of mice were 
performed using Tarone-Ware test, which weighs early events less than 
log rank or Breslow tests. 

Histology and Immunohistochemistry — Mice were anesthetized and 
perfused with saline in accordance with The Canadian Council for 
Animal Care guidelines. Generally, brains were removed and bisected 
in the mid-sagittal plane. One-half was snap-frozen, and the portion for 
immunohistochemistry was fixed in 10% neutral buffered formalin for a 
minimum of 48 h. These specimens were then batch-processed on an 
automatic tissue processor overnight with vacuum on each station to 
aid penetration. Paraffin sections were cut at 5 microns and affixed to 
Fisher brand Superfrost/Plus slides to ensure adhesion. Sections were 
stained by Bielschowsky's silver impregnation, cresyl violet, thioflavine 
S, and Luxol Fast Blue combined with hematoxylin and eosin, as noted 
in the figure legends. For general morphological characteristics, 12 
TgCRND8 mice from the hybrid C3H7B6 background, age 43-440 days, 
were studied. Additionally, 5 TgCRND8 mice (n = 2, 213 days; n - 3, 
282 days) and 4 n on- transgenic controls (n = 3, 213 days; n = 1, 282 
days) were sectioned coronally to investigate hippocampal morphology. 
The percent volume occupied by the dorsal hippocampus within the 
surrounding brain regions was estimated using the Cavaleri point 
counting method. Paraffin -embedded brains were serially sectioned on 
a rotary microtome at a thickness of 10 jxm (as described above) and 
stained with either hematoxylin and eosin or cresyl violet to delineate 
the hippocampal borders. The hippocampus was defined to include all 
regions of the hippocampus proper, hilus, and dentate gyrus. To repre- 
sent the dorsal hippocampal region a total of 6 serial sections were 
collected for analysis (every 15th section, starting with the first section 
in which the hippocampus was visible). Brain sections were visualized 
using a video microscopy system (Zeiss Axoplan, using a lens for X 4 
magnification) and a superimposed point grid (680 tim spacing). Points 
falling over the hemisphere and those falling over the hippocampus 
were tallied. Volumes were then estimated using the formula: V = 
S pointa -area per point-section thickness* section spacing. Student t tests 
were performed to compare mean volume data. 

For immunohistochemistry, all sections were blocked in dilute (3%) 
hydrogen peroxide and non-immune goat serum. Epitope retrieval, in 
the form of a 5-min immersion in formic acid, was carried out prior to 
demonstration of amyloid and synaptophysin immuoreactivity. In all 
cases the primary antibody was left to react overnight at 4 °C. The 
remaining steps using the Dako StreptABC complex-horseradish per- 
oxidase -conjugated "Duet" an ti -mouse/rabbit antibody kit were com- 
pleted according to the protocols provided by the manufacturer. End 
products were visualized with diaminobenzidine. Sections were lightly 
counters tained with hematoxylin and were resin-mounted. The sources 
of the antibodies used were as follows: 369 from Sam Gandy; 4G8 versus 
A/3 residues 17-24 from Richard Rubenstein; A£42, 3542 from Frederic 
Checler; 6F/3D versus A/3 residues 8-17, synaptophysin, and anti- 
ubiquitin from Dako Inc.; 6E10 versus A/3 residues 1-16 from Senetek 
Inc.; glial fibrillary acidic protein monoclonal from Roche Molecular 
Biochemicals; NF200 from Novo Castra Laboratories; CD lib from 
Chemicon Labs; and hyperphosphorylated tau, AT8, from Innogenetics, 
Gent, Belgium. The 6F/3D antibody was of particular use for quantita- 
tive studies using image analysis software as it visualized structures 
(i.e. dense-cored plaques) with sharp boundaries. 

Behavioral Tests and Data Analysis — Experimentally naive 
TgCRND8 mice were tested at 11 weeks of age in two cohorts (iV Tg = 10, 
^non-Tg = 7 in total) in the reference memory version of Morris water 
maze test. The water maze apparatus, mouse handling, and general 
testing procedure are described elsewhere (1, 33). Prior to the spatial 
learning training, all mice underwent non-spatial pre-training (NSP), 
to assess swimming abilities and familiarize mice with the test (1). Two 
days following the NSP phase, all mice underwent a reference memory 
training with a hidden platform placed in the center of one quadrant of 
the pool (northeast) for 5 days, with 4 trials per day. After the last trial 
of day 5, the platform was removed from the pool and each mouse 
received one 60-s swim a probe trial." Escape latency (in seconds), length 
of swim path (centimeter) and swim speed (cm/s), were recorded using 
an on-line HVS image video tracking system (33). For the probe trials, 
an annul us crossing index was calculated, which represents the number 
of passes over the platform site minus the mean of passes over alter- 
native sites in other quadrants. The index expresses the spatial place 
preference and controls for alternative search strategies without place 
preferences, such as circular search (34, 35). Behavioral data was an- 
alyzed using a mixed model of factorial analysis of variance. Degrees of 
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Fig. 1. Western blot analysis of trans gene expression. 10% brain homogenates made in 0.32 m sucrose were diluted with Laemmli buffer, 
sonicated, and run on 10—20% Tncine gradient gels (NOVEX). Following transfer to nitrocellulose, human APP and PS1 were detected using C- 
and N-terminal-specific mAbs and developed by ECL (Amersham Pharmacia Biotech). A, comparison of APP expression levels in Tg lines. 1st lane, 
Non-Tg; 2nd lane, Tg CRND6; 3rd lane, Tg CRND8; and 4th lane, Tg APP6209. Proteins were detected with human APP-specific C-terminal mAb 
6E10 {left panel), C-terminal antibody 369 reactive against mouse and human APP {right panel), and N-terminal antibody 22C11, also reactive 
against mouse and human APP {lower panel). Positions of high molecular weight APP holoprotein and holoprotein derivatives ("APP holoprotein"), 
and C-terminal stubs are indicated. B, time course of A0 accumulation in Tg CRND8 mice: 1st lane, 60 days; 2nd lane, 120 days; 3rd lane, 180 days; 
4th lane, 240 days; and 5th lane, 300 days. Detected with human-specific APP C-terminal mAb 6E10. C, comparison of protein expression levels 
in Tg mice expressing single and double mutants of PS1. Normalized samples of brain homogenates are presented. Detection is with the 
human-specific PSl N-terminal mAb NT-1 (72). Lane 1, Non-Tg; lane 2, TgPSl(L286V)1274; lane 3, TgPSl(WT)1098; and lanes 4 and 5 represent 
samples from TgPSl(L286V+M146L)6500 mice. 



freedom were adjusted by Greenhouse-Geisser epsilon correction for 
heterogeneity of variance. 

RESULTS 

Creation of TgCRND8 Mice Expressing Mutant APP 

Previous experiments have indicated that overexpression of 
APP above a threshold of ~~4X endogenous is a prerequisite for 
deposition of amyloid plaques in the central nervous system 
(18, 22). To avoid the toxic effects associated with these levels 
of APP overexpression (22, 23, 36, 37), we exploited (i) permis- 
sive strain backgrounds and (ii) APP cassettes, including mul- 
tiple mutations, to maximize production of Aj3 for a given level 
of APP expression. Transgene constructs were based upon a 
cDNA cassette encoding the major APP isoform in human 
brain, APP695. This cassette was modified to include either one 
or two FAD mutations: the "Swedish" mutation (K670N, 
M671L) and the "Indiana" mutation (V717F), lying adjacent to 
the N- and C-terminal boundaries of the APP A/3 domain, 
respectively. APPSwe and APPSwe +717 cDNAs were intro- 
duced into cos.Tet (29), a cosmid-based expression vector de- 
rived from the Syrian hamster prion protein gene. This vector 
directs position-independent transgene expression in central 
nervous system neurons and, to a much lesser extent, astro- 
cytes (38-41). Microinjections into C3H/HeJ X C57BL/6J or 
(C3H/HeJ X C57BL/6J) X C57BL/6J oocytes (the strains are 
hereafter referred to as C57 and C3H) yielded a number of 
putative founders but just two stable transgenic lines desig- 
nated Tg CRND6 and TgCRND8. These lines harbor APPSwe 
and APPSwe +V717F trans genes, respectively. 

Expression of APP and Af$ Peptide in TgCRND8 Mice 

APP-specific antibodies were used to establish transgene 
expression from founder lines, with previously characterized 
TgAPPwt6209 transgenic mice providing a point of reference 
(22). Use of the N-terminal antibody 22C11, which reacts with 
mouse and human APP, demonstrated overexpression of the 
full-length mature form of APP of -120 kDa and different 
lower molecular mass species of 100 kDa (which are not re- 
solved in this gel system), including immature APP, and APP 



cleaved at the a- and j3-secretase sites, APP Sa and APP s/3 (Fig. 
1A). Overexpression in the TgCRND8 line relative to mouse 
APP holoprotein detected in non-Tg controls was estimated by 
quantitative image analysis at ~ 5-fold. Similar results for high 
molecular weight APP species were obtained with antibody 
369, which reacts with an epitope close to the C terminus of 
APP shared by mouse and human APP (Fig. LA). Lower molec- 
ular weight species deriving from APP processing were also 
observed in brain extracts of TgCRND8 and TgCRND6 mice 
analyzed with the human APP-specific monoclonal antibody 
6E10 antiserum (epitope positioned N-terminal to the a-secre- 
tase cleavage site) and antibody 369. These polypeptides rep- 
resent APP C-terminal stubs arising from cleavage at the 
a- and /3-secretase sites, with antibody 369 recognizing both 
species and antibody 6E10 recognizing only the longer /3-stubs. 
As anticipated, the APP6209 Tg line encoding wt human APP 
does not exhibit /3-stubs (as it lacks the Swedish mutation that 
favors cleavage at this position) but exhibits a-stubs with a re- 
duced electrophoretic mobility due to the inclusion of a c-Myc 
epitope tag within the C terminus of the APP cDNA cassette (22). 

In TgCRND8 mice, increasing levels of a 4-kDa species (but 
not /3-stubs) were detected by Western blot analysis as the 
animals aged (Fig. IB). To investigate the composition of these 
4-kDa Aj3 peptide species, we performed ELISAs specific for 
A/340 and A/342. Both human A/340 and A/342 were detected in 
the brains of Tg CRND8 mice. No signals above background 
were detected in non-Tg animals. Levels of both peptides in- 
creased with age, although in different fashions (Table I). Thus 
A/340 levels were stable between 4 and 10 weeks of age. A/342 
increased slowly between 4 and 8 weeks, with a potent increase 
at age 10 weeks, such that it predominated over A/340 by a ratio 
of -5:1. There was considerable spread in A/340 and A/342 
levels in 10- week-old mice, with levels of A/340 varying from 25 
to 234 ng/g of brain and A/342 ranging from 115 to 728 ng/g of 
brain. The increase in A/342 and the sample-to-sample varia- 
tion between mice at age 10 weeks likely represents a transi- 
tion point as A/342, first present in soluble form, begins to 
assemble into insoluble amyloid deposits. Measured at 6 
months of age, levels of both A/342 and A/340 were enormously 
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Table I 

A/3 peptide species in young TgCRND8 mice 



A/342 6 A|B40 6 AJ342/AP40 

Age Gender' 1 

Mean ± S.D. Range Mean ± S.D. Range Mean ± S.D. 



weeks 














4 


3F, 3M 


40,9 ± 4.1 


35-46 


55.2 ± 3.6 


49-60 


0.74 ± 0.04 


6 


4F, 3M 


55.3 ± 6.9 


47-63 


61.3 ± 11.4 


48-82 


0.93 ± 0.19 


8 


4F, 3M 


96.9 ± 56,3 


59-215 


55.8 ± 4.8 


46-63 


1.07 ± 0.83 


10 


9F, 1M 


298,1 ± 209.9 


115-728 


69.5 ± 61.1 


25-234 


5.06 ± 1.56 


26 


5M 


20,783 ± 6599 


12,476-29,260 


10,584 ± 1495 


9,262-13,157 


1.96 ± 0.59 



a Using unpaired t tests, the levels of A/340 and A/342 were not found to differ between males and females, from 4 to 8 weeks of age. 

b Values are expressed as nanograms of peptide per g of brain (wet weight) derived from duplicate or triplicate determinations of each animal. 



increased and were ~510 and 190 times, respectively, the lev- 
els observed in 4-week-old mice (which are free of amyloid 
plaque deposits; Fig. 5A). 

Postnatal Lethality in TgCRND8 Mice 

To gain insight into the ability of genetic backgrounds to 
modulate lethality associated with APP overexpression (and, 
from a practical point of view, to preempt premature extinc- 
tion), the newly established TgCRND8 line was bred to differ- 
ent strain backgrounds. Progeny of an Fl cross to the C3H/HeJ 
("C3H") strain were bred to mice derived from FVB/N and 
129SvEv/Tac backgrounds. Estimated Kaplan-Meier cumula- 
tive survival curves for TgCRND8 mice and their littermates 
during post-natal development are presented in Fig. 2. Inspec- 
tion of the curves clearly indicates improved survival of mice 
with the APP transgene expressed on the (C57) X (C3H/C57) 
genetic background. In this cohort of Tg mice (n = 52), 20 mice 
died before the age of 120 days, decreasing their survival to 
60% and with three deaths at 130 days and three further 
deaths after 250 days. When the APP transgene was expressed 
on either (C3H/C57/129SvEWTac) X (129SvEv/Tac) or (FVB) X 
(C3H/C57) genetic backgrounds (n = 12 and n — 41 respective- 
ly), survival dropped rapidly to 25-40% within the first 120 
days of their post-natal life (Fig. 2). After this time point, 
survival with the (C3H/C57/129SvEv/Tac) X (129SvEv/Tac) ge- 
netic background dropped slightly to 33% (one death at 159 
days) with only 25% (3 mice) of the cohort surviving until 365 
days. Similarly, the survival of the TgCRND8 mice with 
(FVB)x(C3H/C57) background dropped rapidly within the first 
120 days of post-natal age (Fig. 2) with 17% of mice (n = 7) 
surviving until 365 days of age. The survival of mice with the 
(C57) X (C3H/C57) was significantly better than survival of Tg 
mice with (FVB) x (C3H/C57) or (C3H/C57/129SvEv/Tac) x 
(129SvEv/Tac) backgrounds (Tarone-Ware statistics: 5.13, p < 
0.05, and 19.01, p < 0.001, respectively). The survival curves of 
the latter two genetic backgrounds did not differ significantly 
from each other (Tarone-Ware statistics: 0.42, p > 0.05), and 
the survival of TgCRND8 mice with the three genetic back- 
grounds was significantly different from the survival of non-Tg 
littermates (Tarone-Ware statistics >50, all p values < 0.001. 

Although these data suggest significantly increased mortal- 
ity of TgCRND8 mice as a consequence of a genetic contribution 
of 129SvEv/Tac or FVB mouse strains, some caveats have to be 
taken into consideration. First, the relatively small sample 
sizes of the studied cohorts, especially with the 129SvEv/Tac 
strain, where only a few mice survived for a long period, may 
not reliably reflect survival rates at later stages of life. The 
comparisons of larger cohorts should provide better estimation 
of survival curves. Second, future survival censuses must be 
extended to the pre- weaning developmental stage. The selec- 
tive survival of pups before weaning, or for that matter at the 
pre-natal stage of development, may cause a bias of a particu- 
lar cohort entering post-weaning stage. Also, the genetic com- 
position of the particular outbred TgCRND8 parent might be a 
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Fig. 2. Cumulative survival curves (Kaplan -Meier survival 
analysis) of TgCRND8 mice in different genetic backgrounds. 

Cumulative survival curves of TgCRND8 mice as a function of the 
transgene genetic background. The survival of Tg mice on the (C57) x 
(C3H/C57) genetic background (n = 52) was the highest, with 50% of 
mice surviving until 365 days of age (upper cut-off of the analysis). In 
contrast, the survival of the Tg mice on (C3H/C57/129SvEv/Tac) x 
(129SvEWTac) and (FVB)x(C3H/C57) backgrounds (n = 12 and n = 41 
respectively) was affected by increased mortality within the first 120 
days of their post-natal age. In the case of Tg mice with the (C3H/C57/ 
129SvEvATac) X (129SvEv^Tac) genetic background, only 3 (25%) out of 
12 mice survived until the age of 365 days, and only 17% (7 out of 41) of 
the (FVB) x (C3H/C57) Tg mice reached the age of 365 days. 

greater contributor to the differences in survival among the 
crosses than the composition of the inbred parent. Nonetheless, 
the major finding of the survival analysis, that the (C57) X 
(C3H/C57) genetic background significantly reduces mortality 
in TgCRND8 mice, is in accord with our starting hypothesis. 
Fifty percent of the studied cohort of 52 mice survived for a year 
with minimal mortality observed after the first 3 months of 
age. As shown in previous investigations, the cause of post- 
natal lethality was not obvious (22). No overt changes were 
revealed by routine histopathology, although it should be noted 
that seizures were observed in a small fraction of TgCRND8 
animals, and APP transgenes have been correlated with al- 
tered vascular responses (37). 

Cognitive Changes in TgCRND8 Mice 

Non-spatial Pre-training — Partial results related to the im- 
paired acquisition of spatial information, as measured by the 
escape latency, were reported previously for a small cohort of 
mice (1). Here we present a characterization of a larger cohort 
of mice, and we include their behavioral analysis during NSP. 
The analysis showed that during NSP at age 10.5 weeks 
TgCRND8 mice performed comparably to non-Tg littermates 
when randomly searching the pool for a hidden platform. Es- 
cape latencies and lengths of search paths in the last trial of 
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Fig. 3. Reference memory version of Morris water maze test in 
TgCRND8 mice. A, at 11 weeks of age, experimentally naive 
TgCRND8 mice (N Tg =10) show significant impairment in the acqui- 
sition of the spatial information relative to their non-Tg littermates 
(AT non _ Tff = 7). B, represents an annulus crossing index (the number of 
passes over the platform site in TQ, minus the mean of passes over 
alternative sites in other quadrants) during the probe trial adminis- 
tered after the last training trial of day 5. A positive index indicates 
selective focal search of the previous platform position, an index ap- 
proximating zero reflects non-spatial or circular search of the pool. The 
TgCRND8 mice showed a significantly impaired (p < 0.01) spatial bias 
for the platform position as compared with their non-Tg littermates. *, 
p < 0.01. Vertical bars represent S.E. 



NSP for the groups were not significantly different (50.0 ± 7.3 
versus 57.6 ± 8.8 s for latency and 961.1 ± 165.0 versus 1351 ± 
247.4 cm for path-length, for the non-Tg and Tg mice, respec- 
tively). A "visible platform trial" administered during NSP, 
where the position of the submerged platform was marked by a 
striped beacon, also failed to reveal differences in performance 
between non-Tg and Tg groups. Average latencies to reach the 
cued platform were 9.9 ± 2.0 and 9.1 ± 1.6 s for non-Tg and Tg 
mice, respectively. The swim paths were 167.3 ± 16.1 cm for 
non-Tg and 153.1 ± 14.2 cm for Tg mice, and both groups had 
comparable swim speeds of 21.6 ± 1.4 and 20.2 ± 1.7 cm/s for 
non-Tg and Tg mice, respectively. In conclusion, these analyses 
showed TgCRND8 mice performed a random search compara- 
ble to non-Tg littermates when presented with the submerged 
platform and had similar swim paths to a visible platform 
when extra-maze distal spatial cues were occluded by a curtain. 

Water Maze, Reference Memory Test — TgCRND8 mice at 11 
weeks showed impairment in the acquisition of spatial infor- 
mation during place discrimination training. They had signif- 
icantly longer escape latencies to reach the escape platform 
(Fig. 3A; F(l,15) = 17.98, p < 0.001) and longer search paths 
(F(l,15) = 15.91, p < 0.001). Both, Tg and non-Tg groups 
significantly improved during training (F(4,60) = 3.29, p < 
0.02; F(4,60) = 3.33, p < 0.02, the latency and path, respec- 
tively), and no significant interaction between the groups and 
sessions was found in both measures. The concordance between 
measures of latency and search path is not surprising, because 
the TgCRND8 mice did not differ significantly from the non-Tg 
littermates in their swim speed during the test (F(l,15) = 2.53, 



p > 0.05). The pronounced spatial learning impairment of Tg 
mice was confirmed during the probe trial administered after 
the completion of training. They showed lower (£(15) = 2.99, 
p = 0.01) annulus crossing index (Fig. 3B), searching the pool 
in a circular fashion and frequently crossing the centers of 
alternative quadrants (with an annulus crossing index ap- 
proaching a zero value). 

Neuropathology in TgCRND8 Mice 

TgCRND6 mice expressing the Swedish mutant form of APP 
(see Fig. 1) on a B6 x C3H background failed to exhibit cerebral 
amyloid at ages up to 450 days. Similar results were obtained 
for two other Tg lines resulting from the microinjection of the 
same DNA construct into a FVB/N x 129SvEv/Tac background 
(not shown). On the other hand, hemizygous TgCRND8 mice 
expressing the double mutant form of APP exhibited potent 
deposition of cerebral amyloid, present in all animals by 90 
days of age. In contrast to PDAPP mice expressing a V717F 
APP transgene (21), no difference in the volume of the dorsal 
hippocampus (or in the surrounding regions) was detected be- 
tween Tg and non-Tg mice {p < 0.05 for all values). In 
TgCRND8 mice, the dorsal hippocampus occupied ~11.0 ± 
0.3% of the volume of coronal sections (means ± S.E. of the 
mean), whereas in the non-Tg mice this value was 10.3 ± 0.2%. 
Also, the neuronal cytoarchitecture of the TgCRND8 mice ap- 
peared normal. 

Amyloid deposits in TgCRND8 mice were successfully 
stained with A/342-specific antibodies, as anticipated from prior 
studies of the mechanism of action of the V717F mutation (5). 
In addition to confirming dense-cored deposits in aged 
TgCRND8 mice, the human APP-specific monoclonal antibody 
4G8, and to a lesser extent monoclonal antibody 6F/3D, also 
detected diffuse immuno-staining in the neuropil (using formic 
acid-treated sections: Fig. 4B). These findings were compatible 
with both the previously described specificity of the 4G8 anti- 
body (42, 43), and the propensity of other mice expressing APP 
codon 717 mutations to generate "diffuse" amyloid deposits (19, 
21, 23). Although human APP was also expressed systemically 
in TgCRND8 mice, in accord with the tropism of the PrP gene 
promoter (44), amyloid deposits were not apparent by immu- 
nostaining in the kidney, lung, skeletal, and cardiac muscle of 
aged animals (not shown). These observations suggest a role for 
tissue-specific factors affecting amyloid deposition and/or APP 
processing. 

Plaque Ontogeny — A single plaque was noted in one 
TgCRND8 animal at 43 days. Plaque load increased with age 
and spread to more regions of the brain such that multiple 
plaque deposits were present per sagittal section in most mice 
at 65 days of age, and in all mice by 90 days of age. Although 
studies on large cohorts of mice are in progress, analyses of 
representative mice revealed between 11-35 and 22-43 
plaques in a mid-sagittal section of the cortex at the ages of 90 
and 150 days, whereas burdens were greatly increased at 240 
and 350 days of age (127-416 and 528-1024 plaques, respec- 
tively). A similar pattern of increase pertained to the hip- 
pocampal formation with 1-5 and 11-12 plaques at 90 and 150 
days and 39-65 and 123-147 plaques at 240 and 360 days, 
respectively. Thus, the time period for a rapid increase in 
amyloid burden assessed histologically lags slightly behind 
that determined biochemically by ELISA assays (Table I). 

Plaque Distribution — The plaque present at 43 days was 
located in the subiculum. The frontal cortex of TgCRND8 mice 
often had several plaques by 65 days, whereas plaques were 
rare or absent in the white matter tracts (corpus callosum and 
alveus) and CA1 region of the hippocampus at this time. By 101 
days plaques were widespread in many regions of the cortex as 
well as in the hippocampus proper, the dentate gyrus, the 
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Fig. 4. Properties of amyloid depos- 
its from TgCRND8 mice. A, sagittal 
section of an 8-month-old TgCRND8 
mouse immunostained with 4G8 anti-A/3 
antibody: Cer, cerebellum; HPC, hip- 
pocampus; N, neocortex; OB, olfactory 
bulb. B, dentate gyrus (X 400 magnifica- 
tion) in a 12-month-old TgCRND8 mouse 
immunostained with 6F/3D antibody and 
illustrating different varieties of amyloid 
deposits: dense-cored (red arrow), multi- 
cored (gray arrow), and diffuse (black ar- 
row). C~K illustrate the tinctorial and im- 
munostaining profiles of amyloid deposits 
in a 5.5-month-old TgCRND8 mice (X 400 
magnification). C, staining with Congo 
Red showed typical apple green and or- 
ange birefringence with a polarized light 
source. D, perivascular amyloid stained 
with thioflavine S (white arrows), 
Bielschowsky stain (E) and NF-200 (F) 
reveal dystrophic neurites (arrows) adja- 
cent to plaques (P). G and H represent 
synaptophysin and ubiquitin-positive 
structures in the periphery of plaque de- 
posits, indicative of dystrophic buttons. 
1-K illustrate focal inflammatory re- 
sponses. /, anti-CD lib antibody, J, thio- 
flavine S stain of an adjacent section, and 
K, GFAP staining of a third adjacent 
section. 




olfactory bulb, and within the pial vessels. The thalamus (111 
days), then the cerebral vasculature and striatum (196 days), 
followed by the cerebellum and brain stem (243 days) all be- 
came progressively burdened by plaques. This pattern of dep- 
osition, with cortex and hippocampus affected early on and the 
cerebellum spared until a late stage in disease, is similar to 
that seen in AD (45). 

Plaque Morphology — The first plaques observed were small, 
cored deposits, with no radiating amyloid surrounding them 
(65 days). By 101 days, the plaques varied in size, with some 
larger plaques having haloes of radiating amyloid. By 131 days 
the plaques became more heterogeneous in nature. Plaques 
varied greatly in size as the age of the mice increased, with 
some being multicored in older animals. Diffuse amyloid de- 
posits appeared in the olfactory bulb at an early stage (101 
days). However, outside of the olfactory bulb, diffuse amyloid 
(i.e. amyloid not obviously associated with a cored plaque) did 
not appear until 243 days, as detected with the 6F/3D antibody. 
Diffuse amyloid was found primarily in the caudate, cerebel- 
lum, and molecular layer of the dentate gyrus (all at 243 days). 
By 315 days diffuse amyloid appeared throughout the cortex 
(see Fig. 4B). 

The majority of amyloid plaque deposits in TgCRND8 mice, 
including those first to appear at 65 days, stained positive for 
thioflavine S. These early deposits also revealed Congo Red 
birefringence. Together these data indicate the deposited amy- 
loid peptide adopts a j3-sheet conformation. Amyloid plaques in 
TgCRND8 mice were associated with dystrophic neurites, as 
indicated by a variety of histochemical and immunohistochem- 
ical stains (Fig. 4). For example, Bielschowsky silver impreg- 
nation revealed dystrophic neuritic processes around plaque 
cores (Fig. 4E). Similar structures were imaged by antibodies 
raised against the 200-kDa isoform of neurofilament (NF-200; 
Fig. 4F), synaptophysin (Fig. 4G), and ubiquitin (Fig. AH). The 
first enlarged plaque-associated neurites were seen with 
Bielschowsky, synaptophysin, and NF-200 staining at 111 days 
of age. Dystrophic pathology became more evident as the mice 
aged further and the frequency of large, dense-cored plaques 
increased. Finally, it was noteworthy that dystrophic neurites 



were only observed in the immediate vicinity of plaques, indi- 
cating these structures are a direct consequence of amyloid 
deposition in the TgCRND8 mice. 

Neuroinflammation — Mature plaques in TgCRND8 mice 
were associated with a focal inflammatory response. Elongated 
cells in periphery of dense-cored amyloid deposits visualized by 
Luxol fast blue staining or focal staining with a Griffonia 
simplicifolia lectin I isolectin B4 stain (not presented) and 
staining with anti-CD lib antibody probe (Fig. 41) were consist- 
ent with the presence of microglial cells. This microglial acti- 
vation was accompanied by intense local astrocytic gliosis, il- 
lustrated by GFAP staining of adjacent sections encompassing 
a thioflavin-positive plaque (Fig. 4, K and J). This astrocytic 
response clearly exceeded a low basal level of staining of GFAP- 
positive astrocytes (mostly evident within white matter tracts) 
noted in both transgenic and non-transgenic mice. 

Acceleration of Amyloid Deposition by Co-expression of 
Presenilin-1 Transgenes 

Amyloid deposition in TgCRND8 mice was enhanced by mu- 
tant human PS1 transgenes co-expressed with human APP via 
usage of the same cos.Tet transgene vector (Fig. 5, right-hand 
panels). This effect was evident in terms of a potent increment 
in plaque burden over age-matched TgCRND8 single trans- 
genic controls. Conversely, expression of wt human PS1 had no 
overt effect upon amyloid burden (not shown). With a PS1 
transgene incorporating two FAD mutations in cis (M146L and 
L286V (46)), the potentiation was particularly remarkable. 
Here there was robust deposition of plaques by 30-45 days of 
age (33 days of age presented in Fig. 5B). Notably, the graded 
effects observed for wild type, single, and double mutant trans- 
genes upon amyloid deposition cannot be attributed to different 
PS1 expression levels, as these were very closely matched 
between the three selected TgPSl lines (wild type, mutant, and 
double mutant, Fig. 1C). 

DISCUSSION 

Factors Affecting APP Transgenesis — Although transgenesis 
is generally regarded as a routine technique, the APP gene, 
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first cloned over a decade ago, can be seen to present particular 
challenges. Difficulties encountered thus far include low ex- 
pression levels in first generation Tg mice, neonatal lethality 
associated with high level expression in second generation 
mice, and physiological endoproteolysis to generate multiple 
subfragments with diverse biological activities, some of which 
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Fig. 5. A/3-containing plaques in the cortex of single and dou- 
ble transgenic mice. Panels show sagittal sections of the neocortex 
adjacent to the hippocampus. Left-hand panels (A and C) depict "single" 
transgenic TgCRND8 mice. Right-hand panels (B and D) depict "dou- 
ble" transgenic TgCRND8 mice co-expressing either human presenilin 
1 (B, TgPSl(M146L+L286V)6500; D, TgPSl(L286V)1274). Each hori- 
zontal row represents single and double -Tg littermates at the same age: 
A and B y 33 days; C and D, 62 days. Immunohistochemical analyses 
presented were obtained with the 4G8 monoclonal antibody. Note en- 
hanced plaque deposition in double Tg animals. X 400 magnification. 



(e.g. neuroprotection (reviewed in Ref. 47) may confound the 
study of neuropathogenesis. We modified a number of param- 
eters in our experimental design in an effort to reduce the 
"noise" from these confounding effects and thereby facilitate 
study of the pathogenic attributes of the A/3 peptide; such 
pathogenic attributes are clearly suggested by genetic, neuro- 
pathological, and toxicological studies (12-14, 48). Our strategy 
involved using the following: (i) an expression cassette that 
retained —90 nucleotides of the APP mRNA 5 '-untranslated 
region adjacent to the start codon, as APP is expressed at high 
levels for a single copy gene and likely already contains opti- 
mized translational initiation signals; (ii) a prion protein cos- 
mid vector that can drive high level pan-neuronal expression in 
the central nervous system; (iii) two pro-endoproteolytic FAD 
mutations, to obtain a high level of A/3 peptide for a given level 
of APP expression; and (iv) use of a genetic background that 
may offer a degree of protection against high level APP expres- 
sion favored by parameters i and ii. 

It is possible that genetic background may have been impor- 
tant for establishing the TgCRND8 line. Our strategy was 
based upon the hypothesis that dominant alleles protective 
against APP overexpression present in the C3H background 
(36) would facilitate the establishment of Tg lines with high 
levels of expression. As injections into C3H oocytes are not 
usually attempted, the TgCRND8 line was established in an 
outbred C3H/B6 background. Survival curves presented here 
document that in TgCRND8 mice high levels of Aj3 peptide and 
modest levels of APP a- and j3-stubs can be tolerated in a 
C3H/B6 genetic background without grossly compromising vi- 
ability (Fig. 2). Whereas these data are in accord with the 
starting hypothesis, they are incompatible with facile genetic 
analysis, as confounding effects due to independent segregation 
of alleles from the C3H and B6 strains conferring protection or 
sensitivity to APP overexpression cannot be excluded. Experi- 
ments to establish C3H congenic lines of TgCRND8 mice will 
lead to more definitive information on this point. Furthermore, 
it is of interest to note that the KM670/NL671+V717F con- 
struct injected into oocytes from another potentially protective 
genetic background (129SvEvTac X FVB/N (36)) yielded a 
transgenic line designated Tgl9959, which also exhibits cere- 
bral plaques at 3 months of age (data not shown). In sum, our 
results suggest manipulation of genetic background may re- 
duce postnatal death associated with APP overexpression and 
should be considered in strategies for APP transgenesis. How- 
ever, insofar as parameters i-iv have been used individually in 
the creation of APP Tg mice (8, 17-19, 22, 23), it is plausible 
that a synergism between all four parameters contributes to 
the desirable properties of TgCRND8 mice. 

Biochemistry of TgCRND8 Mice — With the possible excep- 
tion of the Tgl9959 line, TgCRND8 mice are currently unique 



Table II 

Amyloid deposition in APP transgenic mice 



Tg line 


A/342 pmol/g" 


Aj340 


A042/4O 


Plaque 
onset 


Ref. 




age months 6 


pmol 




months 




PDAPP 


615 ± 333(12) 




-7.8 


6-9 


17 


Tg2576 


175 ± 26(11-13) 


264 ± 38 


0.7 


9 


18 


TgAPPA^nr* 


-170 (15) 


-440 


-0.4 


13 


73 


TgCRND8 


4,600 ± 1,560 (6) 


2,440 ± 350 


2.0 


3 


This paper, (1) 




3200 ± 350* (6) 


920 ± 125 


3.5 







a Results of A/3 ELISAs are expressed per g (wet weight of brain). Transgenic mice are listed chronologically. Some values derive from formic acid 
extraction, whereas others use a guanidinium-hydrochloride procedure. Some values were converted from ng to g using values of 4328 and 4513 
Da for A/3 40 and 42, respectively. 

b Except for the TgAPP/V717I line, all A/3 values are reported for a time point 3 months after the first onset of plaque deposition, as determined 
histologically. These time points are given in months (in parentheses). 
0 A/340 was calculated by subtraction of A/342 from total A/3 values. 
d ELISA values represent plaque-associated (insoluble) A/3. 

e Second set of ELISA values derive from a control group of TgCRND8 mice immunized with islet-associated polypeptide (1), 
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among single transgenic APP mice with regard to the severity 
of A/3 deposition. Histological deposition of A/3 in amyloid 
plaques in TgCRND8 mice is evident in 100% of animals by 3 
months after birth (n = 28), earlier than in APP transgenic 
lines described previously (17-19, 49). These results find a 
parallel in measurements of A/340 and A/342 derived from 
ELISA assays (Tables I and II); for example, levels of A/342 in 
6-month-old TgCRND8 mice approximate those seen in PDAPP 
mice at 16 months of age (31). Furthermore, two results emerg- 
ing from these ELISAs show a direct parallel to AD pathogen- 
esis and bear particular emphasis. First, the levels of total A/3 
in TgCRND8 mice at 6 months of age, 3,200-4,600 pmol/g 
brain (as determined by two independent ELISA configura- 
tions employing different antibodies), fall into the range ob- 
served for sporadic AD cases, 500-5000 pmol/g wet tissue (50). 
Second, the ratio of A/342 to A/340 exceeds unity, as is also the 
case in sporadic AD (50) (and in PDAPP mice expressing a 
V717F mutation (31)). Insofar as A/342 is thought to be the 
most aggregation-prone and toxic form of Aj3, the skew toward 
the production of A/342 apparent in these mice presumably 
contributes to the unusually early onset of amyloid deposition. 

Although the combined effect of the two FAD mutations 
affecting both /3- and y-secretase processing of APP is pre- 
sumed to be a powerful determinant of this potent amyloido- 
genesis, it is notable that other "double mutant" TgAPP mice 
only show 100% of animals positive for plaques at 8-10, 18, or 
21-25 months of age (19, 49, 51). Although the degree of APP 
overexpression could also prove crucial in distinguishing 
TgCRND8 mice from other double mutant TgAPP lines, further 
variables include PrP, thy~l, or platelet-derived growth fac- 
tor-/3 promoters with different tropisms and different APP cod- 
ing region cassettes (APP695, APP751, or intron-containing 
cassettes capable of producing all three APP isoforms). 

Finally, it is remarkable that even though TgCRND8 mice 
exhibit a high basal synthesis of A/3, levels of this peptide can 
be elevated to yet higher levels by mutant versions of PS1. 
Importantly, two PS1 mutations in cis shown to act in an 
additive way in transfected cells (46) behave in a similar fash- 
ion in vivo. Thus, double transgenic mice incorporating 4 FAD 
mutations can develop A/3 deposits by 1 month of age (Fig. 55). 

Neuropathology in Transgenic Models of Alzheimer's Dis- 
ease — TgCRND8 mice exhibit AD-like amyloid plaque deposits 
with a variety of morphologies. Dense-cored deposits are pres- 
ent from an early stage, and the majority of these (>80%) can 
be stained with either Congo Red or thioflavine S. With aging, 
the plaques become larger and multicentric dense-cored depos- 
its appear. Diffuse Aj3 immunostaining is also apparent at later 
stages, being particularly prominent after formic acid pretreat- 
ment. Diffuse staining is evident as a penumbra around large 
plaques and also in the form of isolated deposits (i.e. not obvi- 
ously associated with plaques) throughout the neuropil. From 5 
months of age the mature plaques in TgCRND8 mice exhibit 
neuritic changes strikingly similar to those seen in AD (Fig. 4). 
Dystrophic neurites are revealed by silver impregnation or 
NF-200 immunostaining, with dystrophic boutons visualized 
by synaptophysin or ubiquitin antibodies. Astrocytes and mi- 
croglial cells often encircle dense-cored deposits, indicating the 
plaques are capable of initiating an inflammatory response. 
The other pathological hallmarks of AD are generally accepted 
to include neuronal loss and the accumulation of NFTs. Focal 
neuronal loss has been reported in only one Tg model of AD (20, 
52, 53), and analogous studies in TgCRND8 mice are under- 
way. NFTs are absent in TgCRND8 mice, as indeed they are in 
other TgAPP mice. It is possible coding sequence divergence 
between mouse and human may be of importance, and expres- 
sion of human tau and cognate tau kinases, perhaps the p25 



fragment of p35 (54, 55) or glycogen syn these kinase 3/3, may be 
required to fully recapitulate this pathology. 

The Origins of Cognitive Dysfunction in Alzheimer's Dis- 
ease — In Alzheimer's disease patients, pathological changes 
detected post-mortem are foreshadowed in the clinical presen- 
tation by erosion of mental function leading to frank dementia. 
Therefore, plausible animal models of AD should develop cog- 
nitive deficits at least by the time of appearance of AD-related 
neuropathology. TgCRND8 mice fulfill this expectation. They 
represent an example of mice expressing full-length APP where 
deficits in acquisition of spatial reference memory are present 
at the onset of AD-related neuropathology (Fig. 3) (1) and thus 
exhibit some similarities to Tg2576 mice (18, 24). In studies of 
other TgAPP mice, impaired performance in the water maze 
test preceded neuropathological changes (23) or was not re- 
ported (19). Impaired performance in other testing paradigms 
has been reported in PDAPP V717F mice, but here a subset of 
cognitive deficits was better correlated to confounding neuro- 
anatomical abnormalities than to AD-related pathologies (21, 
25). In the most recent studies, an age-related deficit in learn- 
ing capacity was detected in PDAPP mice using a new water 
maze testing regimen (56). Nonetheless, from a practical point 
of view, the cognitive deficits in TgCRND8 mice have three 
important attributes as follows: they occur early in life; they 
are easily detected in the conventional spatial reference mem- 
ory version of the water maze; and they are sufficiently robust 
to be detected without recourse to large sample sizes. 

Although overaccumulation of the A/3 peptide is firmly im- 
plicated in AD pathogenesis, the mechanisms leading to cogni- 
tive decline are not clear. As attempts to correlate plaque 
burdens and cognitive deterioration have produced mixed re- 
sults (see Refs. 57-65 and also see Ref. 56), it is possible A/3 
affects the central nervous system by mechanisms other than 
(or in addition to) the toxicity of extracellular, aggregated 
forms. Indeed, recent studies emphasize soluble forms of Aj3 as 
crucial determinants of clinical outcome (50, 66, 67). Unfortu- 
nately, the molecular determinants for neurotoxicity (for exam- 
ple, free radical generating capacity of metal-bound A/342 (68, 
69) and perturbed signal transduction (70)) and the cellular 
consequences thereof (altered synaptic function, excitotoxicity, 
and induction of apoptosis (49, 66)) are undetermined. We 
suggest TgCRND8 mice comprise a useful and validated sys- 
tem to address these issues. Amelioration of cognitive deficits 
by immunization against A/342 peptide (1) provides compelling 
evidence for a strong pathogenic role for A/3 peptide in the 
TgCRND8 model of AD and indeed for the amyloid cascade 
hypothesis. Parenthetically, these data effectively exclude the 
proposition that cognitive deficits in TgCRND8 mice derive 
from an insertional mutation. Furthermore, synthesis of anti- 
sera in A/342-immunized mice that react strongly with the 
peptide presented in a /3-sheet conformation (1) suggests a 
potential to dissect the mechanism of A/3 neuropathogenesis 
(for example, by passive immunization (71) with conformation- 
specific antibodies). In short, the availability of a new AD 
model with robust cognitive deficits, levels of A/3 peptide that 
equal those seen in AD cases, and AD-like pathology may allow 
both an improved understanding of causal relationships be- 
tween these phenotypic traits and testing of candidate 
interventions. 
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Much evidence indicates that abnormal processing and extracellular deposition of amyloid- P 

peptide (AP), a proteolytic derivative of the P -amyloid precursor protein (PAPP), is central to the 

pathogenesis of Alzheimer's disease (reviewed in ref. 1). In the PDAPP transgenic mouse model of 
Alzheimer's disease, immunization with AP causes a marked reduction in burden of the brain 

amyloid. Evidence that AP immunization also reduces cognitive dysfunction in murine models of 

Alzheimer's disease would support the hypothesis that abnormal AP processing is essential to the 

pathogenesis of Alzheimer's disease, and would encourage the development of other strategies 
directed at the 'amyloid cascade'. Here we show that AP immunization reduces both deposition of 

cerebral fibrillar AP and cognitive dysfunction in the TgCRND8 murine model of Alzheimer's 

disease without, however, altering total levels of AP in the brain. This implies that either a -50% 

reduction in dense-cored AP plaques is sufficient to affect cognition, or that vaccination may 

modulate the activity/abundance of a small subpopulation of especially toxic AP species. 
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Supplementary Information for more details) in serum samples (200 u.1 of blood) 
collected at 1 3 and 25 weeks. 

Behavioural tests and data analysis 

The water maze apparatus, mouse handling and general testing procedures have been 
described 23 . Before the first spatial learning test at 1 1 weeks, all mice underwent non- 
spatial pre-training (NSP) to assess swimming abilities and to accustom mice to the test"* 25 
(see Supplementary Information). Two days after the NSP phase, all mice underwent a 
reference memory training with a hidden platform placed in the centre of one quadrant of 
the pool for 5 days, with four trials per day. After the last trial of day 5, the platform was 
removed from the pool and each mouse received one 60-s swim probe trial. Escape latency 
(s), length of swim path (cm), swim speed (cm s~ l ), % of floating (speed less then 5 cm s" 1 ), 
% of time in outer zone (near the pool wall), and % of time and path in each quadrant of 
the pool were recorded using an on-line HVS image video tracking system 23 (see 
Supplementary Information). 

For the probe trials, an annulus-crossing index was calculated that represents the 
number of passes over the platform site, minus the mean of passes over alternative sites in 
other quadrants. The index expresses the spatial place preference and controls for 
alternative search strategies without place preferences, such as circular search paths 26,27 . All 
mice were re-tested at 15, 19 and 23 weeks of age, one week before the next immunization. 
At each re-testing, the platform was placed in the centre of a different, semi-randomly 
chosen pool quadrant for all five sessions of training. At the end of the experiment, all mice 
were given a cue (visual platform) learning test. This was followed by the open-field test to 
investigate spontaneous locomotor exploration. Behavioural data was analysed using a 
mixed model of factorial ANOYA. Degrees of freedom were adjusted by Greenhouse- 
Geisser epsilon correction for heterogeneity of variance. A Bonferroni Inequality correc- 
tion was applied for multiple comparisons. Omega squared (cj 2 ) was used as a measure of 
effect size caused by different factors. 

Analysis of 0APP and amyloid burden in brain 

Three 5-u.m sections at 25-u.m intervals from one cerebral hemisphere were immunos- 
tained with Dako 6F/3D anti-A(J monoclonal antibody to residues 8-17 (which is 
primarily reactive against dense-cored plaques) with 4G8 (ref. 28), or with sera from 
immunized mice, and counterstained with haematoxylin and resin mounted as described 
(M.A.C. et al., manuscript in preparation). For some samples the formic-acid treatment 
step was omitted. End products were visualized with diaminobenzidine. Amyloid plaque 
burden was assessed using Leco I A- 3001 image analysis software interfaced with a Leica 
microscope and a Hitachi KP-M1U CCD video camera. The quantitative analysis was 
performed at of x 25 magnification, and the image frame and guard size was set to 

0. 0.639.479 (307,200 uW) for each slide. The brain area (cortex or hippocampus) was 
outlined using the edit plane function, and the area and number of plaques in the outlined 
structure were recorded. Data were pooled for all three sections. 

Cerebral A3 levels were assayed from formic-acid-extracted 29 , hemi-brain sucrose 
homogenates using an ELISA method (see Supplementary Information) in which Ap was 
trapped with either monoclonal antibody to Ap« (JRF/cAb40/10) or A(3 42 (JRF/cAb42/ 
26) and then detected with horseradish peroxidase (HRP)- conjugated JRF/Abtot/17. The 
dilution of JRF/Abtot/17 and samples were optimized to detect Afi in the range of 50 to 
800 finol ml -1 . ELISA signals are reported as the mean ± s.e.m. of four replica wells in fmol 
A|3 per mg total protein (determined with the BioRad DC protein assay), based on 
standard curves using synthetic Afi^o and APi_ 42 peptide standards (American Peptide 
Co. Sunnyvale, CA). Cerebral pAPPs levels were analysed in supernatant of brain as 
described 30 . 
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Vaccinations with amyloid- p peptide (AB) can dramatically 
reduce amyloid deposition in a transgenic mouse model of 
Alzheimer's disease 1 . To determine if the vaccinations had dele- 
terious or beneficial functional consequences, we tested eight 
months of Ap vaccination in a different transgenic model for 
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Alzheimer's disease in which mice develop learning deficits as 
amyloid accumulates 2 * 3 . Here we show that vaccination with Ap 
protects transgenic mice from the learning and age-related 
memory deficits that normally occur in this mouse model for 
Alzheimer's disease. During testing for potential deleterious 
effects of the vaccine, all mice performed superbly on the radial- 
arm water-maze test of working memory. Later, at an age when 
untreated transgenic mice show memory deficits, the Ap-vacci- 
nated transgenic mice showed cognitive performance superior to 
that of the control transgenic mice and, ultimately, performed as 
well as nontransgenic mice. The Ap-vaccinated mice also had a 
partial reduction in amyloid burden at the end of the study. This 
therapeutic approach may thus prevent and, possibly, treat Alz- 
heimer's dementia. 

The accumulation of fibrils formed from the Ap peptide into 
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Figure 1 Radial-arm water-maze performance in vaccinated transgenic and 
nontransgenic mice, a, Nontransgenic mice (circles, solid lines), transgenic mice 
vaccinated with KLH {squares, dashed lines}, and transgenic mice vaccinated with Ap 
(triangles, dotted lines) were tested in the radial-arm water maze at 1 1 .5 months of age 
(after five inoculations). All groups learned (trial 4) and remembered {trial 5) the platform 
location at this time point. In the same mice at 15.5 months of age (nine inoculations; b), 
the transgenic mice vaccinated with Ap continued to show learning and memory of the 
platform location, whereas the transgenic mice vaccinated with KLH failed to show 
learning and memory for platform location on either trials 4 or 5 (*P < 0.05, **P < 0.01 ; 
KLH significantly different from other two groups by LSD post hoc analysis after MANOVA). 
This benefit of Ap vaccination was found in both the APP-only and APP+PS1 transgenic 
mice (c), with significantly fewer errors on trial 5 in the Ap-vaccinated groups (solid bars) 
than in the KLH-vaccinated group {open bars) of both genotypes ff < 0.03). Included for 
comparison is the trial 5 performance of another group {hatched bars) of untreated 1 5- 
16-month-old transgenic mice that were tested separately, and are reported on fully 
elsewhere 2 . 
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amyloid plaques is a defining characteristic of Alzheimer's disease 
(AD). The Ap vaccination protocol described in ref. 1 reduced Ap 
deposits, which suggested that this approach might benefit AD 
patients. However, the functional consequences of such vaccina- 
tions might be deleterious. For example, plaque-associated inflam- 
mation promoted by the immunization could interfere with normal 
brain functioning, and/or lead to degenerative changes in the 
brain 4 " 8 . We used a novel working- memory task that combines 
elements of a radial-arm maze and a water maze. This radial-arm 
water maze is remarkably robust at detecting learning/memory 
deficits that develop in AD transgenic mice 2 and more efficient in 
sample size requirements than other memory tasks typically used 
for rodents 3 . 

To test the possibility that vaccinations might cause premature 
memory deficits in AD transgenic mice, we assessed learning/ 
memory performance in the mice at 11.5 months of age after five 
inoculations with Ap or the control vaccine, keyhole limpet haemo- 
cyanin (KLH). All mice showed strong learning and memory 
capacity, irrespective of treatment or transgene status (Fig. la). 
All groups averaged three to four errors on the first trial as they 
sought out the new platform location for that day, but averaged less 
than one error by trials 4 or 5, demonstrating intact working 
memory for platform location between trials and during the 30- 
min delay before trial 5. This strong performance by Ap-vaccinated 
mice indicates that any inflammatory responses caused by the 
vaccine were not deleterious behaviourally. 

Monthly inoculations were continued until the mice were 15.5 
months, when these mice were tested again in the radial- arm water 
maze. At 15.5 months the KLH-vaccinated transgenic mice failed to 
demonstrate learning or memory of the platform location; their 
performance on all trials was the same (Fig. lb). This is identical to 
the performance of other untreated transgenic mice that had been 
previously tested in this learning task at this age (Fig. lc; ref. 3). In 
contrast, the Ap- inoculated transgenic mice, although slower to learn 
platform location than nontransgenic mice on trial 3 (Fischer's least 
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Figure 2 Amyloid pathology in transgenic mice vaccinated with KLH or Ap. 
Immunohistochemistry for Ap in frontal cortex is shown in (KLH-vaccinated) (a) and 
(Ap-vaccinated) (b) in transgenic mice with values similar to the means shown in Fig. 3c. 
Congo-red staining is shown in (KLH) (c) and (Ap) (d) in mice with values corresponding 
to the means in Fig. 3b. Horizontal sections are oriented with the corpus callosum in the 
lower right corner and anterior to the top. Scale bar, 500 p.m. 
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significant difference (LSD), P < 0.02), were nearly flawless by trial 
5, and performed significantly better than the KLH -vaccinated 
transgenic mice on both trials 4 and 5 (multiple analysis of variance, 
MANOVA: F {2A5) = 5.83, P < 0.02 and F (2il5) = 12.16, P < 0.001, 
respectively; KLH transgenic group different from both other 
groups by Fischer's LSD post hoc comparisons, P < 0.05 on trial 
4 and P < 0.01 on trial 5). Our individual evaluation of the 
performance of the two transgenic genotypes made it clear that 
both APP-only and APP+PS1 transgenic mice benefited from the 
Ap vaccinations (Fig. lc). 

Serological analysis indicated that mice injected with Ap devel- 
oped antibodies against the Ap peptide. Very high titres were found 
in both transgenic and nontransgenic mice immunized with Ap 
(IC 50 = 27,000 ± 5,000 and 48,000 ± 18,000, respectively; not 
significant). There was no anti-Ap activity in the KLH -immunized 
transgenic mice, untreated transgenic mice, nor nontransgenic mice 
at final dilutions of serum down to 1:16, indicating that transgenic 
mice did not spontaneously generate an antibody reaction to Ap. 

Immunization with Ap caused a modest reduction in Ap deposits 
in the frontal cortex, with a significant reduction in the Congo- red - 
stained area of APP+PS1 mice, and a significant reduction in the 
Ap-immunostained area of APP mice (Fig. 2 and Fig. 3). Reduc- 
tions of a similar extent were found in hippocampus. We also 
quantified immunostaining using Ap40- and Ap42-specific anti- 
sera, both of which exhibited the same modest reductions found in 
total Ap immunostaining. We suspect that, with a larger sample 
size, statistically significant partial reductions would be found in all 
these measures consistent with other recent reports 9 " 11 . In general, 
the percentage reduction in Ap deposition was greater in the APP 
mice than the APP+PS1 mice. The absolute reductions were greater, 
however, in the doubly transgenic animals. The APP+PS1 mice 
already had substantial Ap deposits by the time vaccinations were 
initiated 12 . Further studies will test whether beginning vaccinations 
at an earlier age, or combining vaccination with other Ap-lowering 
treatments, will result in more complete protection from Ap 
deposition, and improve the cognitive performance of 15- 
months-old transgenic mice even further. 

Our most important finding here is that Ap vaccination protects 




transgenic mice from developing memory deficits compared with 
KLH-immunized (control) transgenic mice. But how important is 
the learning paradigm in discerning these differences. We have 
found that in using the reference-memory version of the water 
maze, mice of this age ( 15.5 months) have deficits in escape latency, 
but not retention on the probe trial 3 . Thus, the more demanding 
working-memory version of the water- maze task maybe essential to 
detect such differences. Similarly, a spatial task would require intact 
function of hippocampal and, to a lesser extent, cortical structures, 
the locations where plaques accumulate earliest and to the greatest 
extent in these mice 12 " 14 . 

This vaccination-associated protection from memory impair- 
ment occurs in the presence of reduced, but still substantial Ap 
deposits. The mechanism by which immunization with Ap blocks 
learning and memory deficits is not understood. One possibility is 
that the antibodies neutralize Ap in some restricted compartment 
or deplete a non-deposited form of Ap (for example, a soluble form) 
that is responsible for the memory loss observed. Recently, soluble 
Ap has been proposed as the cause of synapse loss in APP transgenic 
mice, as some transgenic lines develop reductions in synaptophysin 
immunoreactivity in dentate gyrus without developing Ap 
deposits 15 . A second possibility is that microglia activated by the 
inoculations 1 can clear the deposited Ap, thereby permitting 
normal cognitive function. This is not easily reconciled with the 
relatively modest Ap clearance detected, although exhaustive 
regional analyses have yet to be completed. Perhaps even mice 
that have already developed extensive brain pathology and memory 
deficits can benefit from vaccinations given later in life. In view of 
the absence of adverse effects on behaviour and brain functioning, 
and the protection of memory functions by the Ap vaccines, we 
strongly recommend testing of this and related approaches for the 
treatment and prevention of Alzheimer's disease. □ 

Methods 

Vaccination protocols 

Mice were obtained by breeding Tg 2576 APP transgenic mice 16 with PSl line 5.1 
transgenic mice 17 , resulting in nontransgenic, APP, APP+PS1 and PSl transgenic mice as 
described by us previously 11,13 . Human Apl-42 peptide (Bachem) was suspended in 
pyrogen-free Type I water at 2.2 mgrnl -1 then mixed with 10 x PBS to yield 1 x PBS and 
incubated overnight at 37 °C. Control mice were injected with KLH that was prepared in 
the same manner. The antigen suspension was mixed 1:1 with Freund's complete adjuvant 
and 100 jig Ap injected subcutaneously by an experimenter who had no role in the 
behavioural testing. A boost of the same material (prepared freshly) was made in 
incomplete Freund's at two weeks and injected once monthly for the next three months. 
Subsequent monthly boosts were made in mineral oil. Mice were vaccinated, beginning at 
7.5 months of age. The sample size of each group was: 6 (3 female/3 male) nontransgenic 
mice vaccinated with Ap or KLH; 7 (4 female/3 male) transgenic mice vaccinated with Ap; 
7 (4 female/3 male) transgenic mice vaccinated with KLH. The first post- vaccination 
behavioural testing period was started 5 days after the fifth vaccination at 1 1.5 months of 
age. The second behavioural testing period was started at 15.5 months of age, one month 
after the ninth vaccination. Mice were killed at 16 months of age. We note that transgenic 
and nontransgenic mice were also tested for performance in the radial-arm water maze at 
6 months of age (before vaccination) and all mice performed well. 
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Figure 3 Measurement of amyloid histopathology after Ap peptide immunization, 
a, b, Results for the APP+PS1 mice; c, d, results for APP-only transgenic mice. A 
significant reduction in Congo-red staining in frontal cortex was found in APP+PS1 mice 
vaccinated with Ap {n = 4) compared to in APP+PS1 mice vaccinated with KLH (/?= 5; b). 
There was a significant reduction in Ap immunostaining in APP-only transgenic mice 
vaccinated with Ap {n - 3) compared to in KLH-vaccinated APP mice {n = 2; c). 
\P< 0.05; **, P < 0.01 by /-test. CX, frontal cortex; HC, hippocampus. 



Radial-arm water maze testing 

Experimenters were unaware of the experimental conditions of the mice at the time of 
testing, The maze consisted of a circular pool 1 m in diameter with six swim alleys (arms) 
19 cm wide that radiated out from an open central area (40 cm in diameter), with a 
submerged escape platform located at the end of one of the arms 3,18 . Spatial cues were 
present on the walls and ceiling of the testing room. The escape platform was placed in a 
different arm each day, forcing mice to use working memory to solve the task. Each day, 
mice were given the opportunity to learn the location of the submerged platform during 
four consecutive acquisition trials followed 30 min later by a retention trial (trial 5). On 
each trial, the mouse was started in one arm not containing the platform and allowed to 
swim for up to one minute to find the escape platform. Upon entering (all four paws 
within the swim alley) an incorrect arm or failing to select an arm after 20 s, the mouse was 
gently pulled back to the start arm for that trial and charged an error. All mice spent 30 s on 
the platform following each trial before beginning the next trial. On subsequent trials that 
day, the start arm was varied, so the mouse could not simply learn the motor rule 'second 
arm to the left' but must learn the spatial location of the platform that day. After the fourth 
trial was completed, the mice were placed in their home cage for 30 min, then returned to 
the maze and administered the retention trial. The platform was located in the same arm 
on each trial within a day, and was in a different arm across days. Over 1-2 weeks of 
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training, control groups gradually improved performance as they learned the procedural 
aspects of the task, reaching an asymptotic level of 0.5 - 1 errors on trials 4 and 5. In the 
experiments presented here mice were trained until the nontransgenic mice reached 
asymptotic performance: 9 days at 1 1.5 months or 1 1 days at 15.5 months. The scores for 
each mouse on the last two days of testing were averaged and used for statistical analysis. 
Sensorimotor tests identified no differences among these groups in open field behaviour 
or string agility testing. As in earlier work, all transgenic mice were impaired on the 
balance beam, a deficit observed as early as six months of age J , but this deficit was not 
modified by AfJ vaccination. 

ELISA analysis for serum antibodies 

Ninety-six- well Immulon 4HBX (Dynex) micro plates were coated with the AfJ 1-42 
protein (250 ng per well) for 1 h at 37 °C. They were washed four times with 0.45% NaCl + 

0. 05. Tween-20 (washing buffer, WB). The plates were blocked with 5% non-fat dry milk 
(NFDM) in PBS overnight at 4°C and washed the following day. Mouse serum was 
prepared in PBS at an initial dilution of 1:16 and subsequent twofold dilutions were made. 
All samples were run in duplicate and incubated at 37 °C for 1 h followed by washing 10 
times in WB. Plates were blocked a second time with 5% NFDM in PBS for 30 min at 37 °C 
followed by washing five times before the addition of an anti-mouse IgG HRP- conjugate. 
The secondary antibody was diluted 1:5,000 in PBS and incubated for 1 h at 37 °C Plates 
were then washed 10 times in WB and developed with 3,3,5,5-tetramethylbenzidine 
substrate (Sigma) in perborate buffer (Sigma). The reaction was stopped with 2 M 
sulphuric acid. Plates were read spectrophotometrically at 450 nm. The anti-ABl-42 
antibody litre was defined as the reciprocal of the dilution of antisera that produced 50% 
of the maximum signal detected for that sample. 

Histopathology 

Mice were overdosed with pentobarbital, perfused with saline and their brains removed. 
One hemisphere was immersion-fixed in fresh, buffered paraformaldehyde for 24 h. 
Frozen sections were stained for AB peptides by immunohistochemistry 13,19 or for Congo 
red. The area of frontal cortex occupied by stain was measured with a Videometric VI 50 
image analysis system (Oncor) on a Nikon Microphot FX microscope. Stained regions 
were measured using HSI segmentation by an experimenter unaware of the subject 
condition. Both stain intensity and area were measured, although only areas are reported 
here as this is the convention for A3 deposits ('amyloid burden'). The results were not 
qualitatively different when evaluating area, stain intensity or their product (total 
immunoreactivity 19 ). Data were collected from equally spaced horizontal sections for both 
frontal cortex (anterior to the corpus callosum; 12 per mouse) and hippocampus ( 10 per 
mouse). 
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Capsaicin or vanilloid receptors ( VRs) participate in the sensation 
of thermal and inflammatory pain 1-3 . The cloned (VR1) and native 
VRs are non-selective cation channels directly activated by harm- 
ful heat, extracellular protons and vanilloid compounds 4 " 8 . How- 
ever, considerable attention has been focused on identifying other 
signalling pathways in VR activation; it is known that VR1 is also 
expressed in non-sensory tissue 1 " 9 and may mediate inflammatory 
rather than acute thermal pain 3 . Here we show that activation of 
protein kinase C (PKC) induces VR1 channel activity at room 
temperature in the absence of any other agonist. We also observed 
this effect in native VRs from sensory neurons, and phorbol esters 
induced a vanilloid-sensitive Ca 2+ rise in these cells. Moreover, the 
pro-inflammatory peptide, bradykinin, and the putative endo- 
genous ligand, anandamide, respectively induced and enhanced 
VR activity, in a PKC-dependent manner. These results suggest 
that PKC may link a range of stimuli to the activation of VRs. 

PKC is a prominent participant in pain signalling. Targeted 
deletion of PKC-e in mice 10 markedly attenuates thermal- and 
acid-induced hyperalgesia. In turn, activation of PKC-e potentiates 
heat-evoked currents in sensory neurons 11,12 . Further, the algesic 
peptide, bradykinin, potentiates heat responses 11,12 , induces depo- 
larization 13-16 , and evokes secretion 17 " 19 from vanilloid-sensitive 
neurons in a PKC-dependent manner. However, the molecular 
targets for these effects have not yet been clearly identified. We 
therefore investigated whether these actions of PKC are mediated by 
VRs. Rat VR1 was expressed in Xenopus laevis oocytes and studied 
using a two -electrode voltage clamp technique. Treatment with 
12-0-tetradecanoylphorbol-13-acetate (TPA) to activate endogen- 
ous PKC increased the amplitude of currents evoked by capsaicin 
(Fig. la, c), anandamide (Fig. lb, c) and protons (extracellular pH 5; 
data not shown). In addition, TPA by itself produced a slowly 
developing current (Fig. la, b) that was not observed in uninjected 
oocytes (n = 5) or oocytes expressing the NMDA (N-methyl d- 
aspartate) receptor (n = 8). These actions were probably mediated 
by PKC because no responses were elicited by the inactive TPA 
analogue, 4a-phorbol (n = 4), and responses to TPA were inhibited 
by the selective PKC inhibitor 20 , bisindolylmaleimide (BIM, 
200 nM, Fig. lc). 

Next, we examined whether the current induced by TPA alone 
was mediated by VR1 . In these experiments VR1 -expressing oocytes 
were treated separately with either TPA or capsaicin, to avoid cross- 
sensitization. Figure Id shows the response of a TPA-treated oocyte 
to a series of depolarizing pulses from -80 mV to +80 mV. Out- 
wardly rectified currents were evoked that were similar to those 
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Elan seeks to resume drug trials 

By Ian Guider 

ELAN will make another attempt at developing a treatment for Alzheimer's disease a 
year after a previous drug had to be cancelled. 

Elan, which is still emerging from an accounting scandal last year, has filed an application with the 
US Food and Drug Administration (FDA) to begin trials of a new treatment for the disease. 

Last January, Elan had to cancel patient trials of a previous treatment, AN- 192, which was found to 
be causing inflammation of the central nervous system. According to brokers yesterday, the new 
treatment is a reformulation of AN- 192. 

Elan said if the FDA had no comments to make on the application it would begin Phase 1 trials later 
this year with its development partner Wyeth for the drug which is targeted at those who have 
moderate Alzheimer's. 

Analysts believe an Alzheimer's treatment has the potential to be a "blockbuster" drug, with sales 
of more than $1 billion a year. 

The positive news on drug development will be a welcome boost after the company said in July that 
its potential treatment for Crohn's disease - Antegren - did not have the expected outcome. The 
company said it was committed to bringing Antegren to the market. Elan reported a return to 
profitability yesterday, making net profits of $17.3 million for the second quarter of the year. 

The company said second quarter revenues were down 46% on last year at $245.5 million but were 
up 7% when discontinued products were stripped out. The net profit, which equates to 5 cents per 
share, compares with a loss of $7 19m a year ago. 

Chief Executive Kelly Martin said he is focused on improving the company's financial situation and 
developing new treatments. 

"Elan's second quarter results are characterised by solid progress with our operating plan, including 
asset divestitures, cost reduction and debt reduction." 

Mr Martin added that Elan has almost $1 billion in cash left and further money could come in from 
the sale of several business units. The company has debt of over $2.3 billion, $1 billion of which 
must be paid this year. 

Elan said that it had made significant headway on reducing its cost base and that its workforce was 
now down to 2,500 from 4,700 a year ago. Most of the workforce reduction was a result of the sale 
of several businesses in the past year. 

Davy Stockbrokers analyst Jack Gorman said: "Detailed analysis of the underlying operations 
suggests that Elan remains on track in its recovery plan, and that the ongoing revenue base is intact 
and tracking a little better than expected. 

"A return to substantial profitability will continue to be driven by prospective pipeline approvals." 
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Abstract 

Alzheimer disease (AD) is characterized by the progressive accumulation of 
amyloid p protein (Ap) in areas of the brain serving cognitive functions such 
as memory and language. The first of two separate reports (see the related 
articles beginning on pages 415 and 440) reveals that intrinsic T cell reactivity 
to the self-antigen Ap exists in many humans and increases with age. This 
finding has implications for the design of Ap vaccines. The second report 
demonstrates that a number of FDA- approved nonsteroidal anti-inflammatory 
drugs are capable of lowering AP levels in mice. The work suggests that 
further testing of the therapeutic utility of these types of compounds for the 
potential treatment of AD is warranted. 
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Alzheimer disease (AD) has received a lot of recent attention, particularly in 
areas related to novel treatments. Recently, the potential therapeutic 
usefulness of the immune system has become apparent, leading to the question 
of whether it can be used to directly or indirectly influence AD-related 
pathology in beneficial ways. Active immunization with amyloid p (Ap) 
peptides takes advantage of the immune system to generate antibodies that can 
somehow decrease Ap-related pathology in mouse models of AD (1). 
Similarly, passive immunization involves direct administration of anti-Ap 
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antibodies, bypassing the need for an active immune response (2, 3). Since 
genetic, pathologic, and animal studies suggest that the buildup of A(3 in the 
brain leads directly or indirectly to cell dysfunction, cell death, and cognitive 
impairment, increased generation of anti-Ap antibodies has the potential to 
prevent or treat AD by decreasing amyloid burden and its consequences in the 
brain. Though the first clinical trials for Ap vaccination were halted due to 
CNS inflammation in a small subset of subjects, active and passive 
immunization strategies remain a viable potential therapy worth continued 
exploration. If positive effects can be seen in future trials, it will be important 
to minimize unwanted toxicity. In this issue of the JCI, Monsonego and 
colleagues (4) further characterize the innate immune response to Ap in 
humans, thus revealing important details about how the elderly body reacts to 
Ap, and opening new avenues to modify existing vaccination protocols. Also 
in this issue, Eriksen and colleagues (5) studied traditional NSAIDs that 
appear to have a nontraditional, COX-independent effect on decreasing Ap42 
production. While these drugs are often used to treat inflammation, they 
appear to have a novel effect on amyloid precursor protein (APP) cleavage, 
which is only now becoming apparent and which may be useful in the future 
as a therapeutic. 

Ap-reactive T cells increase with age 

Monsonego et al. (4) found that some healthy, elderly individuals, as well as 
individuals with AD, contain elevated baseline levels of Ap-reactive T cells. 
While the general trend is toward a diminished immune response with aging, 
this demonstrates a selective increase in Ap-reactive T cells in older 
individuals with and without dementia. The reason for this selective expansion 
of Ap-reactive T cells in elderly individuals remains unclear. It is often 
presumed that cognitively normal middle-aged and elderly individuals are 
similar in that they lack AD pathology; however, Ap deposition in plaques 
appears to begin about 10-20 years prior to the onset of even the earliest 
symptoms suggestive of dementia due to AD (6). This means that some 
cognitively normal elderly subjects in this study likely possessed aggregated 
Ap deposits in the brain, while it is also likely that most middle-aged 
individuals (younger than age 50) did not have AD pathology. One interesting 
possibility is that this change in T cell population is a response to the presence 
of Ap aggregates even in the absence of dementia. The conformation of 
aggregated Ap in AD is predominantly as p-sheets, whereas the soluble Ap 
present in blood and cerebral spinal fluid has little or no p-sheet structure. 
Perhaps, this conformational change in endogenous Ap stimulates a T cell 
response. Future studies will be necessary to determine if the peripheral T cell 
population correlates to CNS pathology or future AD symptoms (i.e., an 
antecedent bio-marker). 

T cells, Ap, and CNS inflammation 

While speculative, individuals with elevated Ap-reactive T cells may host a 
greater immune response to an active immunization with Ap than someone 
who lacks this T cell change. The positive effects of Ap immunization in 
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Certain NSAiDs mouse models (e.g., decreased plaque burden, behavioral improvement) 

decrease Ap ... appear to be mediated by antibodies, not the cellular response (7-1 0). Thus, 

► References 1 augmentation of the production of anti-Ap antibodies is likely to be beneficial. 

However, in the first trial of active Ap immunization in AD patients, about 5% 
of individuals developed a side effect of CNS inflammation. There is evidence 
that this complication following active Ap immunization is due to a T cell 
response (11). It therefore seems logical that minimizing certain aspects of T 
cell activation would decrease the likelihood of CNS inflammation. 
Consequently, it may be useful in future vaccination strategies to either 
exclude subjects that have already demonstrated a substantial T cell reaction 
to Ap or to consider these subjects only for passive immunization. Monsonego 
and colleagues (4) found that the epitopes for Ap-reactive T cells in humans 
are primarily amino acids 16-42. Interestingly, however, in studies of active 
immunization of humans and of mouse models of AD, the primary epitope to 
which antibodies are generated are amino acids 1-12 (12, 13). Because the 
cellular and humoral immune responses appear to have distinct, dominant 
epitopes, perhaps an antigen and adjuvant combination can be designed that 
favor a humoral immune response over a T cell response. 



Certain NSAIDs decrease Ap production 

Many pathological studies have shown evidence of an inflammatory response 
(gliosis, increased cytokines) surrounding Ap deposits in the AD brain. It is 
thought that this response may result in increased neuronal injury, which 
suggests the possibility that decreasing this response may be beneficial. In 
light of this, it is of interest that retrospective, epidemiological studies show 
that NSAID use is associated with a decreased risk of developing AD. Herein, 
Eriksen and colleagues (5) further define a different molecular mechanism that 
may be relevant to this relationship. It appears that certain NSAIDs, 
potentially in a novel, direct interaction with the y-secretase complex, can alter 
APP cleavage and the subsequent species of Ap produced. Eriksen et al. 
screened 18 NSAID compounds, including several enantiomers that do not 
inhibit COX. Interestingly, though structurally similar, these compounds can 
have different effects on what species of Ap is produced; some decrease 
Ap42, while others decrease Ap40. The mechanism may be via a direct effect 
on the y-secretase complex, which presumably causes a subtle conformational 
change and alters APP cleavage (Figure 1). In future studies, it will be 
important to investigate the molecular details of the NSAID/y-secretase 
complex interaction. In addition, the drugs most effective in decreasing Ap 
levels in humans will need to be determined. 

Eriksen and colleagues (5) have focused on decreasing the more aggregation- 
prone Ap42 species in order to potentially treat AD. Another potential 
treatment avenue, however, is to decrease both AP42, as well as other species 
such as AP40, the peptide that builds up extensively in cerebral amyloid 
angiopathy (CAA). If an NSAID compound, or derivative, could be designed 
to decrease both pathological species of Ap, it may benefit both diseases. 
While an important aim is to find a drug to decrease Ap42, it will be important 
not to increase Ap40 levels as a consequence. This could potentially lead to 
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increased risk for developing CAA and its consequences such as hemorrhage. 

1 

These studies provide exciting new insights and avenues for AD treatment by 
suggesting improvements in current vaccination strategies or by furthering our 
understanding of how NSAIDs alter Ap42 production. While it is not going to 
be easy, there remains much hope that the amyloid hypothesis of AD will be 
tested and that truly effective therapies for AD can be developed. 

Footnotes 
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Figure 1. Model of how certain NSAIDs decrease Ap42 production. 
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